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Abstract
Water quantity and quality have been affected in communities all around the world due to
population growth, pollution, changes in land use, and climate change. In order to cope with existing
and anticipated water demands and shortages, the use of treated or reclaimed water is an ongoing
alternative that has helped communities all over the world address this problem. The adaptation of
nanotechnology to traditional water and wastewater treatment processes offers new opportunities in
technological developments. Unique size-dependent properties such as: high surface to mass ratio, high
reactivity, high sorption capacities, fast dissolution, superparamagnetism, among others, provide hightech efficient materials for water reuse applications. Examples include nanoadsorbents, functionalized
surfaces, nanocatalysts, antimicrobial coatings and membranes that can be incorporated into existing
water treatment technologies. Added to this, the tailored combination of different properties upon the
compositing of nanomaterials provides an endless combination of multifunctionality that can be aimed
at specific treatment processes (e.g., membrane fouling and selective removal of emerging
contaminants). Adapting advanced nanotechnology into existing water reuse processes represents an
incremental improvement to current infrastructure with minimum alterations, while also promoting
water reuse and a higher water recovery percentage. The present work aims to understand the chemistry
behind current water treatment problems in order to design a new generation of improved composite
nanomaterials that can enhance their solution.
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Chapter 1
Introduction
Water quantity and quality have been affected in communities all around the world due to
increasing population growth, pollution, changes in land use and climate change. In order to cope
with existing and anticipated water demands and shortages, the use of treated or reclaimed water
is an ongoing alternative that has helped communities all over the world address this problem.1
Reusing water, or treating wastewater for a beneficial purpose, has become a necessity in order to
supply the huge and growing water demand. The two main water reuse categories can be defined
as: direct and indirect reuse. Direct water reuse is focused on piping reclaimed water into a
distribution system (e.g. an industrial center for manufacturing, an irrigation system for a golf
course or a cooling system in a water plant). Indirect water reuse refers to the discharge of treated
water back into a lake, river or aquifer which will then be retrieved to be used again. When treated
water is blended with the raw water supply or when it is piped directly into a distribution system,
this is defined as direct portable water reuse. The adaptation of nanotechnology to traditional water
and wastewater treatment processes offers new opportunities in technological developments.
Unique size-dependent properties such as: high surface to mass ratio, high reactivity, high sorption
capacities, fast dissolution, superparamagnetism, among others, provide high-tech efficient
materials for water reuse applications.5 Examples include nanoadsorbents, functionalized surfaces,
nanocatalysts, antimicrobial coatings and membranes that can be incorporated into existing water
treatment technologies.6-7 Added to this, the tailored combination of different properties upon the
compositing of nanomaterials provide an endless combination of multifunctionality that can be
aimed at specific treatment processes (e.g. membrane fouling and selective removal of emerging
contaminants). Adapting advanced nanotechnology into existing water reuse processes represents
an incremental improvement to current infrastructure with minimum alterations, while also
promoting water reuse and a higher water recovery percentage. Current water reuse technologies
are insufficient in treating the high (and growing) volume demands. Improvements in technology
can aid in augmenting water recovery for present and future generations. Both incremental and
1

disruptive innovation are needed. Nanotechnology enabled water reuse technologies aim to
augment water recovery and make water reuse processes more efficient through the application of
nanomaterials which present superior advantages versus conventional processes. In this way the
addition of nanotechnology into existing processes and/or infrastructure could exemplify
incremental improvements to existing approaches. However, the wide range of nanomaterials,
their combinations and applications leave an open road for new and disruptive innovative solutions
towards water reuse technologies and water percentage recovery. Remote, precise and real-time
contaminant sensing technologies is another area where incremental improvement to existing
approaches can prevent from misinformation (false readings); providing precise, remote and
continuous information about contaminant concentrations on water effluents within the state. This
can lead to better water reuse practices and more effective solutions.
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Scheme 1 Representation of: a) drinking water treatment plant showing and dissolved arsenite and nitrate ions in
drinking water; and b) water desalination plant showing silica scaling and bacteria fouling.
2

Scheme 1 a) and b) show representations of water treatment plants. Scheme 1 a) shows a drinking
water treatment process where water goes through different treatment steps, these (generally)
include: coagulation, flocculation, sedimentation, filtration and disinfection. Scheme 1 b) depicts
a desalination process. In a general manner, feedwater goes through a pre-treatment process where
solids and big particles get removed. This is followed by a reverse osmosis (RO) process, followed
by a post-treatment stage where, depending on the end use of the water, pH gets adjusted and salt
concentration enhanced. Finally, depending on the end-use of water, it gets stored or delivered.
Even though water treatment processes are well-known in industry, there are still a lot of unsolved
problems within. For example, arsenic dissolved in drinking water must meet the EPA 10 µg/L
concentration before potable water can get distributed.7 Silica is another major problem in
industrial processes because when feedwaters achieve high concentrations, silica scales onto
membranes and surfaces decreasing water flux and the overall efficiency of the system.8 Bacteria
dissolved in water can also cause operational problems, forming pH and temperature resistant
biofilms onto membranes and pipes.9 Other water pollutants such as perfluoroalkyl substances
(PFAs) and nitrates (NO3-) are dissolved at small concentrations and their selective and effective
removal is sometimes hindered by competing pollutants which are found in higher concentrations.
Therefore, understanding selectivity is of importance for the future design of effective
nanomaterials. The present work is focused in understanding the basic chemistry and interactions
behind the removal of contaminants from water. We have designed a fit-for-purpose nanomaterial
to approach each of the mentioned problems and the results are detailed in the following sections.
Chapter 2 covers the design, syntheses and application of three magnetic graphene oxide zeolitic
imidazolate frameworks for the removal of arsenite oxyanions from a simulated drinking water
matrix. The differences in adsorption capacities of the materials were attributed to the metal center
(Zn, Co, or Zn/Co) of the zeolitic imidazolate framework since it was the only difference between
the magnetic nanoadsorbents. Chapter 3 focuses on the functionalization of iron oxide
nanoparticles with amino groups in order to conjugate bacteriophages to their surface and
therefore, enhance the disruption of biofilms. Chapter 4 describes the syntheses of iron oxide

3

nanoparticles covered with an aluminum hydroxide shell. These hybrid Al(OH)3@Fe3O4
nanomaterials were used for the removal of silica in feedwaters; silica adsorption and
polymerization mechanisms were also studied. Future work on this project is also described on
this section. Overall, this work aims to understand basic chemistry and interactions between the
surface of nanomaterials and specific pollutants in order to rationally design a new generation of
improved composite nanomaterials. This work aims to generate knowledge in the water treatment
field in order to further contribute to improved technologic developments that are needed in order
to cope with the current and increasing water demands.

4

Chapter 2
Superparamagnetic nanoadsorbents for the removal of trace As(III) in
drinking water
2.1 Introduction
Arsenic oxyanions, are naturally occurring in soil and bedrock, and are highly mobile in
the environment, specifically in ground waters. This leads to the contamination of aquifers and
other drinking water sources 1. The World Health Organization (WHO) classifies exposure to
arsenic as a major public health concern because a wide range of human ailments such as: skin
lesions, peripheral neuropathy, diabetes, cardiovascular diseases, cancer, renal system effects,
among others, are linked to long-term drinking water arsenic exposure 2. Therefore, the WHO and
the Environmental Protection Agency (EPA) limit arsenic concentrations in drinking water to 10
µg/L 3. Studies describing multiple strategies targeting arsenic contamination of groundwaters have
been developed such as chemical and air oxidation 4,5, coagulation, electrocoagulation 6, membrane
filtration 7, 8, 9, sorption 10, 11, and biological remediation 12, 13. However, some of these studies use
unrealistically high initial arsenic concentrations (>100 mg/L), and residual arsenic concentrations
remain above the 10 µg/L standard 14. Other disadvantages related to conventional arsenic removal
techniques include the formation of toxic sludge, the production of concentrated toxic water, the
lack of selectivity towards arsenite (As(III)) rather than arsenate (As(V)) species, and costly media
14

. To decrease the health and environmental risks associated with the intake of arsenic-

contaminated water, the development of innovative technologies for its efficient removal at
realistically low initial concentrations is of importance.
Nanotechnology offers novel approaches for current water treatment processes through control
over the size, shape and functionality of the materials 15. Some of the functionalities that have
proven to alleviate drawbacks in conventional water treatment technologies include: high
reactivity, increased surface area, superparamagnetism and high surface to mass ratio1718. For
example, the use of selective nanoadsorbents produces less amount of waste per amount of

5

removed contaminants, due to their higher surface to mass ratio (when compared to their bulk
counterparts)

19

. Regeneration and reuse of nanoadsorbents also addresses this problem.

Nanomaterials can be regenerated without losing much (6-10%) of their initial performance 20.
Moreover, the selectivity of nanomaterials towards a specific pollutant in the presence of coexisting and possible competing ions is another quality of nanomaterials that can be exploited 2122.
Multifunctional composite, or hybrid, nanomaterials aim to combine two or more properties 23.
Numerous multifunctional composites have been reported combining properties such as adsorptive
and photochemical 24, 25, magnetic and antibacterial 26, 27, 28, adsorptive and magnetic 29, 30,, selective
and catalytic 30 and hierarchical porosity 33. These nanocomposites have been applied in biomedical
34

, petrochemical 30, pharmaceutical 35, water treatment 36, polymer 37 and dental 38 fields. Magnetic

nanoadsorbents which combine adsorption and magnetic recovery capabilities with water
treatment applications, specifically arsenic removal, are the focus of the present work.
Magnetic retrievability of adsorbent materials is a facile, green and economic approach to remove
materials after adsorption 39, 40. The superparamagnetic character of iron oxide nanoparticles allows
for their magnetic recovery 41. In addition to this, graphene oxide, due to its high surface area, 2D
morphology and easy functionalization, has been used as a supporting platform for Fe3O4

42

.

Examples include magnetic field induced ordering of Fe3O4/GO for the preparation of composite
membranes 43, Fe3O4/GO supported MOFs 44, 45, electrochemical and sensing platforms 46, among
others.
Zeolitic imidazolate frameworks (ZIFs) are a subclass of nanoporous metal organic frameworks
(MOFs) with zeolite-type topologies which due to their high surface area (ca. 1000 m2/g) ,
chemical robustness and thermal stability have attracted attention as gas adsorbents, and are
candidates for water treatment applications

47, 49

. Specifically, ZIF-8, a tetrahedral framework

formed by zinc ions and imidazolate ligands, has been reported as a promising candidate for arsenic
removal in aqueous solutions due to its hydrophobicity and its capacity to adsorb arsenic in the
presence of competing anions such as: SO42− , NO3− , PO43− and CO32− 50, 52. Adsorption of arsenic
by ZIF-8 involves electrostatic attractions and the formation of arsenic complexes with hydroxyl
6

and amine groups 47. The maximum adsorbed amount for As(III) and As(V) on ZIF-8 nanoparticles
have been reported to be 49 mg/g and 60 mg/g, respectively 47. However, such sorption amounts
may be a result from unrealistic experimental conditions such as high initial concentration (i.e., 20
mg/L).
Herein, we report the syntheses, characterization and the quantification of the adsorbed amount of
As(III) of three composite nanoadsorbents and their parent materials. Three isostructural ZIFs,
namely ZIF-8, ZIF-67 and ZIF-Zn/Co, were supported on magnetic graphene oxide platforms
yielding GO/Fe3O4/ZIF composites. Composite 1 (C-1) consists of magnetic graphene oxide and
ZIF-8; composite 2 (C-2) is made of magnetic graphene oxide and ZIF-67; and composite 3 (C-3)
is composed of magnetic graphene oxide and ZIF-Zn/Co. As(III) contaminated simulated drinking
water was treated with each of these nanoadsorbents and their parent materials and the remaining
As(III) concentration was quantified through ICP-MS. The resulting data was fitted to the
empirical Freundlich isotherm model from which the adsorbed amount (q0) of As(III) at an initial
concentration (C0) of 35 µg/L was obtained and compared between the nanoadsorbents. These
newly developed magnetic hybrid adsorbent nanomaterials are suitable for environmental
applications such as water and wastewater treatments. This is one of the few studies that shows a
series of multifunctional composite nanoadsorbents that selectively remove As(III) from low initial
concentrations (35 µg/g,) in a simulated drinking water matrix yielding water that meets EPA
standards. This work simulates realistic conditions in terms of both, the water matrix and the
As(III) initial concentration. Studies where unrealistically parameters (e.g., high arsenic
concentrations, DI water matrix, adsorption times, etc.) are misleading53, and we made a point on
avoiding these.
2.2 Materials and Methods
All reagents, purchased from commercially available sources were used as received. Iron
(III) nitrate hexahydrate, iron (II) chloride tetrahydrate and graphite flakes were purchased from
Sigma-Aldrich. Cobalt (II) nitrate hexahydrate was purchased from STREM chemicals. Zinc (II)
nitrate hexahydrate, 2-methylimidazole (MIM) and triethylamine (TEA) were purchased from
7

Acros organics. Potassium permanganate, sulfuric acid, phosphoric acid and ammonium
hydroxide (28-30%) were obtained from Fischer Scientific. 99.5% ethanol and 30 wt.% H2O2 were
obtained from Acros Organics. Deionized (DI) water from Milli-Q ultrapure water purification
system (Millipore Co.) was used in this study. Salts for the preparation of the drinking water media
were used as received from commercial sources. Sodium phosphate monobasic, sodium
bicarbonate and sodium nitrate were purchased from Sigma Aldrich. Sodium fluoride was
purchased from EMD Millipore. Calcium chloride and a 0.05 M sodium arsenite solution were
bought from Fischer Scientific. Magnesium sulfate heptahydrate was purchased from Amresco
Inc.
2.3 Syntheses
2.3.1 Synthesis of Graphene Oxide (GO)
Graphene oxide was synthesized from graphite flakes following an improved Hummer´s method
54

with slight modifications. Graphite flakes (3.0 g) were added and vigorously stirred into a 9:1

mixture of concentrated sulfuric and phosphoric acids, H2SO4/H3PO4 (270:30 mL). To this
suspension, KMnO4 (18.0 g) was slowly added to maintain control of the exothermic reaction. The
reaction mixture was then heated to 50 °C and stirred for 12 hours. The reaction was quenched
through the simultaneous addition of 400 mL of iced DI water and dropwise ca. 6 mL of 30% H2O2
while stirring. The suspension became yellow-brown upon the addition of 30% H2O2. The mixture
was centrifuged to obtain a yellowish precipitate. The supernatant was decanted and the solid was
re-dispersed in water and filtered under vacuum using a medium porosity fritted glass filter. After
the water was filtered, the remaining solid was washed with 30% HCl solution (ca. 200 mL),
followed by 99.5% ethanol (ca. 400 mL twice). The solid was then washed with ethyl ether and
vacuum dried.
2.3.2 Synthesis of Fe3O4 nanoparticles (Fe3O4-NPs)
Superparamagnetic iron oxide nanoparticles were synthesized by a previously reported method 55
with slight modifications. Magnetite nanoparticles were prepared by chemical co-precipitation
between Fe(III) and Fe(II) ions with a molar ratio of 2:1. FeCl3 (3.503 g) and FeCl2 • 4H2O (2.147
8

g) were dissolved in 100 mL DI H2O and ultrasonicated for 30 minutes. Next, the iron dispersion
was placed under a N2 atmosphere and 85°C while stirring. After 10 min, 12 mL of 25% NH4OH
were quickly injected into the reaction mixture. Upon addition of the base, the formation of Fe3O4NPs as a black precipitate was immediately observed. The reaction continued for 30 minutes and
was then cooled to room temperature. The Fe3O4 black precipitate was washed with 200 mL of a
0.2 M NaCl solution (twice), with DI H2O (three times) and with 99.5% ethanol (three times). All
the washings were performed through magnetic decantation. The resulting magnetic powder was
vacuum dried overnight at room temperature.
2.3.3 Synthesis of magnetic graphene oxide (Fe3O4-NPs /GO)
Previously synthesized GO (0.5 g) and Fe3O4 (0.5 g) were dispersed in a 100 mL 1:1 v/v H2O:EtOH
solution each and individually sonicated for 30 minutes. Then, the GO dispersion was added into
the Fe3O4 and sonicated for another 30 minutes. The mixture was then left under vigorous magnetic
stirring at room temperature for 24 hours. The dark precipitate was washed with DI water (three
times) and with ethanol (three times) through magnetic decantation. The resulting magnetic
powder was vacuum dried overnight at room temperature.
2.3.4 Synthesis of ZIF-8
ZIF-8 was synthesized at room temperature by mixing two separately prepared solutions. First,
Zn(NO3)2 • 6H2O (5.94 g) was dissolved in DI water (30 mL), another solution was prepared where
2-methylimidazole (2-MIm, 3.28 g) and triethylamine (TEA, 4 mL) were added to ammonium
hydroxide 25% wt (18.8 mL). Both solutions were mixed and a white suspension was immediately
observed. The mixture was then stirred for 10 minutes at room temperature to complete the
reaction. The solid was collected through vacuum filtration and washed with DI water (three
times), ethanol (three times) and ether (three times). Finally, the white powder was left to dry under
vacuum at RT overnight.
2.3.5 Synthesis of ZIF-67
ZIF-67 was synthesized at room temperature in an identical way as that of ZIF-8. First, Co(NO3)2
• 6H2O (5.94 g) was dissolved in DI H2O (30 mL), another solution was prepared where 2-
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methylimidazole (2-MIm, 3.28 g) and triethylamine (TEA, 4 mL) were added to ammonium
hydroxide 25% wt (18.8 mL). Both solutions were mixed and a milk-like suspension was
immediately observed. The mixture was then stirred for 10 minutes at room temperature to
complete the reaction. The solid was collected through vacuum filtration and washed with DI water
(three times), 99.5 % ethanol (three times) and ether (three times). Finally, the purple crystalline
powder was left to dry under vacuum at RT overnight.
2.3.6 Synthesis of ZIF- Zn/Co
ZIF-Zn/Co was synthesized using the same procedure as ZIF-8 and ZIF-67. First, Zn(NO3)2 • 6H2O
(2.97 g) and Co(NO3)2 • 6H2O (2.97 g) were dissolved in DI water (30 mL). A separate solution
was prepared where 2-methylimidazole (2-MIM, 3.28 g) and triethylamine (TEA, 4 mL) were
added to ammonium hydroxide 25% wt (18.8 mL). Both solutions were mixed and a milk-like
suspension was immediately observed. The mixture was then stirred for 10 minutes at room
temperature to complete the reaction. The solid was collected, washed and dried as previously
described for ZIF-8 and ZIF-67.
2.3.7 Synthesis of composite nanomaterials, C-1, C-2 and C-3
As illustrated in Scheme 2, the assembly of the composite nanomaterials was performed by adding
the ZIF to the previously assembled Fe3O4/GO. The composite was assembled by dispersing
Fe3O4/GO (7.0 g) in ethanol (150 mL). Simultaneously, ZIF-8 (7.0 g) was also dispersed in ethanol
(150 mL) and both suspensions were ultrasonicated for 30 minutes. The dispersions were mixed
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Scheme 2 Assembly of GO/Fe3O4/ZIF
and ultrasonicated again for 30 minutes after which a stir bar was added and the mixture was left
stirring vigorously for 24 hours.
Afterwards the dispersed nanomaterials were precipitated with the help of a magnet and the
supernatant was decanted. The composite nanomaterial was washed with DI water (three times),
ethanol (three times) and ether (three times). Finally, the material was dried under vacuum at 60
°C overnight.
2.4 Characterization
The synthesized materials were characterized through Fourier-transform infrared
Scheme 3 Composite (GO/Fe3O4/ZIF) assembly.
spectroscopy (FTIR), X-ray powder diffraction (pXRD), and transmission electron microscopy
(TEM) to investigate their structure, crystallinity, and morphology, respectively, and through
energy dispersive X-ray spectroscopy (EDX) for elemental analysis. Brunauer-Emmett-Teller
surface area (BET) measurements were performed to investigate their porosity and surface area.
FTIR spectra were obtained from an Agilent Cary 630 FT-IR spectrometer. Diffraction patterns
were obtained on a PANanalytical Empyrean system using Cu-Ka radiation (l = 1.5418 Å)
equipped with a PIXcel [3D] detector. TEM was performed on a Hitachi S-4800 instrument. The
N2 adsorption isotherms were obtained using a Micromeritics ASAP-2020 sorptometer at 77K.
Scanning electron microscope (SEM) imaging, and EDX analyses were performed on a Hitachi
H-7650 instrument. A superconducting quantum interference device (SQUID) MPMS XL
(Quantum Design Inc.) was used to obtain the hysteresis curves of the synthesized materials.
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2.4.1 Arsenic adsorption
Batch arsenic adsorption experiments were conducted in simulated drinking water that represents
a challenging realistic drinking water matrix 56 containing competing ions at concentrations orders
of magnitude above commonly occurring As(III) levels (see Tables S1 and S2) at 25 °C. The initial
pH of the solution was set to ~ 7.5 and the final pH was 7.34 ± 0.25. The initial As(III)
concentration was set to ~ 35 µg/L. Nine powders were used as the adsorbent media: three different
composite nanomaterials: C-1, C-2, and C-3; and their parent materials: ZIF-8, ZIF-67, ZIFZn/Co, graphene oxide, magnetic graphene oxide and Fe3O4 nanoparticles. The adsorbent dosages
ranged from 2.5 mg/L to 400 mg/L. Control experiments with no adsorbent were performed. All
experiments were conducted in LDPE wide mouth bottles and the samples were continuously
agitated for three days to ensure equilibrium was attained. When collecting samples for analysis,
the adsorbent was magnetically separated and further removed from the suspension via a 0.2 µm
Nylon syringe filter. The equilibrium concentration of arsenic (Ce) was quantified using ICP-MS.
The resulting adsorption data was analyzed with the empirical Freundlich isotherm model (q = Kf
Ce1/n).
2.4.2 Magnetic nanoadsorbent removal in batch conditions
After batch adsorption experiments were performed, the nanomaterials were retrieved with a handheld neodymium magnet (1-inch cube) and the remaining arsenic concentration in the supernatant
was quantified through ICP-MS.
2.4.3 ICP-MS analyses
The arsenic concentration after adsorption was quantified using a Thermo Scientific X-series II
Inductively coupled plasma mass spectrometer (ICP-MS). Samples were digested with a 3% HNO3
concentration and then measured for their arsenic, zinc, iron and cobalt final concentration. The
value obtained from the instrument was used as the value of concentration at equilibrium (Ce) used
in the Freundlich adsorption model fitting.
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Figure 1 FTIR spectra of C-1, C-2 and C-3 and their parent materials: GO,
Fe3O4, Fe3O4/GO, ZIF-8, ZIF-67, ZIF-Zn/Co.
2.5 Results and Discussion
2.5.1 Composite nanoadsorbents
The composite nanomaterials were obtained by the magnetization of GO through the covalent
coupling of nanosized (20 nm in diameter) Fe3O4, as shown in Scheme 1A. The three-component
composite nanomaterials were obtained through the electrostatic binding of the parent ZIF
materials and the magnetic graphene oxide platform at room temperature for 24 h and using
environmentally friendly solvents such as water and ethanol, Scheme 1B.
Each of these nine materials was characterized through FTIR, pXRD, TEM, SEM, SQUID, and
BET. Figure 2 shows the FTIR spectra recorded for the three composite materials (C-1, C-2 and
C-3) as well as each of the parent materials (GO, Fe3O4, Fe3O4/GO, ZIF-8, ZIF-67 and ZIF-Co/Zn).
Graphene oxide shows a strong and broad band at 3239 cm–1 characteristic of O-H vibrations, a
carboxylic C=O stretching band centered at 1714 cm-1, the O-H vibration at 1401 cm–1, a C-O
(epoxy) stretching vibration at 1215 cm–1, and the epoxy peroxide group peak at 851 cm–1 57. The
Fe3O4 spectrum shows a narrow O-H absorption band at 3321 cm-1 and a Fe-O stretch at 538 cm–1
13

58

. The Fe3O4/GO spectrum shows a Fe-O stretching vibration, the carboxylic stretch band and the

O-H absorption, at 538, 1612 and 3321 cm–1, respectively that correspond to the features of both
GO and Fe3O4 59. The spectra for the three zeolitic imidazolate frameworks (ZIF-8, ZIF-67, and
ZIF-Zn/Co) show characteristic absorption peaks at 2920, 1569, 1144, and 991 cm–1 corresponding
to C-H, C=N, and C-N in the imidazole ring, respectively 60, 61. The spectra for the three composites
C-1, C-2 and C-3 each exhibit peaks between 550-580 cm–1 corresponding to the Fe-O stretch,
peaks at 2920, 1580, 1140, and 990 cm–1 are attributed to C-H, C=N and C-N vibrations from the
imidazole ring in the ZIF, and peaks at 1420 and 3100 cm–1 corresponding to the O-H deformation,
and O-H absorption band in GO, respectively. The three FTIR spectra from the composites show
the presence of the parent materials in each of them.
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Figure 3 shows the powder x-ray diffraction pattern (pXRD) of the nine samples. The pXRD
patterns were obtained in a range from 5° to 50° 2q. The diffraction pattern for graphene oxide
shows the predominant (002) diffraction peak at 2q = 9.13° and a diffraction peak at 2q = 41.7° 62.
The diffraction pattern for Fe3O4 nanoparticles was indexed according to JCPDS card no. 19-629.

b)

Figure 2 pXRD pattern of C-1, C-2 and C-3 and their respective
parent materials: GO, a, Fe3O4/GO, ZIF-8, ZIF-67, ZIF-Zn/Co.

Peaks (400), (311) and (220) were observed at 2q = 43.47°, 35.58°, and 30.25°, respectively 63.
Fe3O4/GO shows the same peaks corresponding to the Fe3O4 pattern plus a small peak at 2q =
15

10.25° corresponding to the graphene oxide, the diffraction peak observed at 2q = 41.7° overlaps
with the (400) peak in Fe3O4. The diffraction patterns for ZIF-8, ZIF-67 and ZIF-Zn/Co show peaks
at similar 2q positions. ZIF-8 shows 2q = 7.31°, 10.33°, 12.64°, 14.55°, 16.39°, 17.98°, 22.04° and
24.35° which correspond to (110), (200), (211), (220), (310), (222), (411) and (332), respectively.
These indices are consistent with a sodalite cage structure 64,65. Finally, the diffraction patterns for
C-1, C-2 and C-3 show similar peaks from the ZIF sodalite structure and a peak at 2q = 35.50°
corresponds to peak (220) from the Fe3O4 nanoparticles. The appearance of the peaks
corresponding to the parent materials indicate the successful formation of the composite materials
and show how none of the materials lose crystallinity upon compositing.
Transmission electron microscopy (TEM) images for C-1 and C-3 are shown in Figure 4. Samples
were dispersed in ethanol and then dropped onto the TEM copper grid. Figure 3a) and b) show C1 and C-3 respectively under a 200 nm magnification. The images show that the 2D graphene
oxide sheets serve as a supporting platform for both the Fe3O4 and the ZIF. Fe3O4 nanoparticles
can be mostly observed on the edges of the sheet. This may be attributed to the higher functional
group density at the edge.

16

Figure 3 TEM micrographs of: a) C-1; and b) C-3; 200 nm
magnification.

The specific surface area of each sample was calculated using the Brunauer, Emmett and Teller
(BET) theory by measuring N2 adsorption on the surface of the samples, results of the amount of
adsorbed N2 (cm3/g) at STP are shown in Figure 5 and the specific surface area (m2/g) is
summarized in Table 1.
It is observed how the three zeolitic imidazolate frameworks (ZIF-8, ZIF-67 and ZIF-Zn/Co) show
the highest surface area, between 1800-2600 m2/g. Upon compositing the surface area decreases
due to the reduced exposed surface of the ZIF while supported onto the magnetic graphene oxide.
The three composite materials exhibit values around 1000 m2/g.
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Figure 4 BET surface area analysis of the prepared nanomaterials.

Table 1 Specific surface area of the prepared nanomaterials
Material

Specific surface area (m2/g)

GO

67.9

Fe3O4

112.2

Fe3O4/GO

94.5

ZIF-8

2011.5

ZIF-67

2602.0

ZIF-Co/Zn

1885.8

C-1

1476.7

C-2

934.3

C-3

1037.7

Magnetization curves for the three composite nanomaterials were collected at 300 K from -10 kOe
to 10 kOe and are shown in Figure S5. C-1, C-2 and C-3 show magnetic saturation values of 15,
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18 and 20 emu/g, respectively. It can be seen that these materials show superparamagnetic behavior
due to Fe3O4 even after compositing.
2.5.2 Arsenic removal
Figure 6 shows the adsorption isotherms of As(III) from the three composite materials in the
presence of competing ions such as phosphate and silicates plus those contained in the simulated
groundwater (see Table S1). The Freundlich model was used to fit the adsorption behavior of
As(III) onto the three composites as well as of their parent materials (Figures S1 and S2). The three
composites (C-1, C-2 and C-3) show similar adsorption behavior. Nonetheless, composite C-2 has
the highest adsorbed amount of As(III) at a C0 = 35 µg/L concentration (q0 = 35 ppb) of 202 µg of
adsorbate/g of adsorbent, compared to 82 and 102 µg/g for C-1 and C-3, respectively. The different
As(III) adsorbed amounts of the three composites are attributed to the metal center in the ZIFs,
since it is the only difference between the nanomaterials, as proven by the FTIR and pXRD data.

Figure 5 Freundlich adsorption isotherms for C-1, C-2 and C-3 in simulated drinking water
at 35 µg/L initial As(III) concentration (pH 7.34, 25ºC). The Y axis shows qe, the capacity
of the adsorbent at equilibrium conditions, and it is expressed in terms of µg of adsorbed
As(III) per g of adsorbent. The X axis shows Ce, the concentration at equilibrium expressed
in terms of µg of As(III) per liter.
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The Freundlich fitting parameters (1/n, Kf, and r2) and the adsorbed amount of As(III) per gram of
adsorbent at an initial concentration (q0 in µg/g) for C-1, C-2 and C-3 are shown in Table 2.
The constant 1/n indicates the type of adsorption and values <1 indicate non-linear L-type
isotherms and a favorable adsorption process 66. ZIF-8 shows a q0 of 97 vs 82 µg/g for C-1; ZIF67 646 vs 202 µg/g, ZIF-Zn/Co 111 vs 102 µg/g. Each of the composites shows a lower q0
compared to their respective parent ZIFs (see Table 2 and Table S4). This is attributed to the loss
of free active sites in the ZIF upon compositing with the superparamagnetic graphene oxide
platform. At sorbent dosages ranging from 2.5 mg/L to 400 mg/L the three composites lower the
arsenic concentration from 35 ppb to below 10 µg/L: 3.0, 2.3 and 4.9 ppb for C-1, C-2 and C-3,
respectively. The Freundlich adsorption capacity parameter (Kf) for C-2 is one order of magnitude
higher than that of C-1 and C-3, 10.9, 1 and 0.9, respectively. This is attributed to the cobalt core
in ZIF-64, and presumably the empty d orbitals in the metal center and its ability to act as Lewis
acids for the electron rich oxygen atoms in the As(III) oxyanion 67. While there is a loss in the
As(III) adsorbed amount of the composites compared to the parent ZIFs the resulting treatment
meets arsenic EPA limits, while adding the be magnetically recoverable functionality.
2.6 Conclusion
Table 2 Freundlich fitting parameters for C-1, C-2, and C-3
Material

1/n

r2

Kf

q0(µg/g)*

(mg/g)/(L/mg)1/n
C-1

1.28

0.92

1

19.6

C-2

0.774

0.75

10.8

64.6

C-3

1.25

0.50

0.9

15.3

*q0 = q at C0
The work presented in this chapter shows the syntheses and characterization of three
nanoadsorbents based on magnetic graphene oxide supported zeolitic imidazolate frameworks (C1, C-2, and C-3). The nanomaterials were obtained through the compositing of the parent ZIF
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(ZIF-8, ZIF-67, and ZIF-Zn/Co), and a magnetic graphene oxide platform in environmentally
friendly solvents. The composites and their parent materials were characterized through FTIR,
pXRD, TEM, SEM, SQUID, and BET. The highest adsorbed amount of As(III) at an initial
concentration of 35 µg/g was obtained with C-2 which has a q0 of 202 µg of adsorbate/g of
adsorbent, compared to 82 and 102 µg/g for C-1 and C-3, respectively. The three composite
nanoadsorbents decrease As(III) levels below EPA limits while also having a magnetic recovery
functionality when compared to the parent ZIFs. In conclusion, this is one of the few studies that
shows a multifunctional composite nanoadsorbent that is proven to selectively remove As(III)
from low initial concentrations (35 µg/L) in a simulated drinking water matrix yielding water that
meets EPA standards.
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Chapter 3: Bottom-Up Biofilm Eradication Using Bacteriophage-Loaded
Magnetic Nanocomposites: A Computational and Experimental Study
3.1 Introduction
Biofilms, which are microbial communities that attach to surfaces, are a pervasive problem in
water supply systems due to their potential to increase significantly the cost and complexity of
water treatment and distribution.

For example, biofilms can deteriorate treatment process

performance (e.g., membrane biofouling),
accelerate water infrastructure corrosion.

1
5

impart taste and odor,

2

harbor pathogens,

3, 4

and

Biofilms are resistant to conventional chemical

disinfectants that do not easily penetrate the extracellular polymeric substrates (EPS) matrix,

6

which is exacerbated by the development of bacterial resistance to disinfectants.7 Therefore, there
is a critical need to develop alternative and complementary biofilm eradication methods that are
robust and sustainable to improve water treatment and distribution system resiliency.
Phages are viruses that exclusively infect bacteria, making them harmless to humans and safe to
use for microbial control in water systems.8 As the most diverse and abundant living entities on
the planet,9 some phages possess very useful traits for biofilm eradication, such as broad host range
(i.e., polyvalence) and polysaccharide depolymerase production to break down the biofilm EPS
matrix.10,

11

Recent advances in phage ecology and genomics have facilitated isolation and

production of such phages.11,

12

Furthermore, appropriate phages can be immobilized onto

superparamagnetic nanocomposites (by chemical binding13, 14) and delivered directly to the
relatively inaccessibe inner layer of the biofilm with the help of low-energy magnetic fields.15 Such
phage-nanocomposites conjugates (PNCs) may open new avenues to de-anchor biofilms in water
systems and mitigate related economic and health concerns.
Biofilm eradication by PNCs hinges on phage propagation dynamics, which depends on PNC
size (influencing biofilm penetration potential) and the number of phages that can be loaded on
magnetic particles (each of which represents a potential infection center). Ideally, PNCs should
penetrate easily while minimizing aggregation to enhance phage propagation. However, it is
unknown how nanocomposite and phage sizes affect biofilm penetration and removal efficiency,
22

which is a critical knowledge gap for effective PNC application.
Computational models are useful tools to study bacteria-phage interactions and phage propagation
in biofilms16-19. Several stochastic spatial models using experimentally-determined bacteria and
phage parameters (e.g., phage infection rate, diffusion rate and phage trapping/degradation rate)
adequately explained the coexistence of bacteria and phages in natural biofilms and showed that
biofilm disruption was primarily determined by phage infection and diffusion rates.16, 17 Such semiempirical models could be useful to simulate phage proliferation and biofilm removal efficiency
by PNCs, which would require consideration of how PNC properties (e.g., phage loading and size)
and biofilm physical disruption influence the spatial and temporal patterns of phage propagation.
We coupled our multiple-host (polyvalent) phage isolation approach20 with biofilm diffusion
assays21 to obtain phages with high biofilm disruption potential. Phages of different sizes were
loaded onto magnetic colloidal nanoparticle clusters (CNCs) of different sizes to optimize biofilm
removal. A semi-empirical stochastic spatial model was modified to consider the effects of PNC
size on phage diffusion and trapping rates in biofilms. This semi-empirical model corroborated the
high biofilm removal efficiency observed experimentally and inferred distinct dynamics of phage
propagation by different sized PNCs. This unprecedented computational and experimental study
seeks to inform the design and application of this novel PNC-based biofilm control approach.
3.2. Materials and Methods
3.2.1 Bacteria and cultures
The strains used include E. coli NDM-1 (ATCC BAA-2452), P. aeruginosa PA01 (ATCC 15692),
Bacillus subtilis 168 (ATCC 23857), and Shewanella oneidensis MR-1 (ATCC 700550). E. coli
NDM-1 represents an enteric pathogenic bacterium with multidrug resistance.22 P. aeruginosa is
an opportunistic pathogen commonly active in biofilm formation.23 B. subtilis and S. oneidensis
are relatively benign bacteria widely distributed in the environment.24,

25

These bacteria were

initially cultured in Tryptic soy broth (TSB) medium overnight and then transferred to modified
M63 medium [2.4 g of KH2PO4, 5.6 g of K2HPO4, 1.6 g of (NH4)2SO4, 0.3 mg FeSO4 per liter water
supplemented with 1 mM of MgSO4, 0.2% glucose and 0.5% Casamino Acids] for biofilm
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formation in microtiter plates (Grace Bio-Labs, Bend, OR) and in a CDC biofilm reactor
(Bioscience, Bozeman, MT) with polypropylene coupons. Total viable bacteria were counted by
plate assay using Difco standard bacterial count agar (BD, Sparks, MD) and expressed as colonyforming-units (CFU). E. coli NDM-1 was enumerated on eosin methylene blue (EMB) selective
agar (CRITERION, Santa Maria, CA) with 0.2 mg/L ampicillin (Sigma). P. aeruginosa PA01 was
enumerated on Difco Pseudomonas selective agar (BD, Sparks, MD).
3.2.2. Phage isolation, screening, and characterization
SM buffer was used for phage harvest, storage and dilution.

20

The double-layer plaque (DLP)

assay was adopted for phage enumeration as plaque-forming-units (PFU). Polyvalent phages
infecting both E. coli and P. aeruginosa were isolated from wastewater using a sequential multiplehost approach. 20 The phage library went through the sequence of E. coli > P. aeruginosa > E. coli
+ P. aeruginosa (Fig. 6A). The clear plaques on the multi-species bacterial lawn were harvested
in SM buffer and purified by filtration through MILLEX 0.22-µm membrane (Millipore,
Tullagreen, IRL).
Purified phages were subject to biofilm diffusion assays to screen phages with high biofilm
propagation potential. 21 Briefly, phage suspensions (106 PFU/well) were poured on the top of dual
species biofilm of E. coli and P. aeruginosa and then further incubated for 6 h to allow the phages
to spread across the biofilm. The solution in the bottom chamber was collected every hour and the
phage concentration was counted by the DLP assay. Two phage candidates (PEB1 and PEB2)
reaching the bottom chamber within 6 h were characterized in terms of morphology, efficiency of
plating (EOP), and major growth parameters (i.e., adsorption rate, latent time and burst size) as
previous reported. 20
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Figure 6 Isolation and screening of phages with high biofilm disruption capability.
(A) Schematic illustration of sequential multiple-host phage isolation approach
followed by phage biofilm diffusion assay. (B) The plaque of isolated phage PEB1
on DLP and its morphology under TEM. (C) The plaque of isolated phage PEB2 on
DLP and its morphology under TEM. (B and C) One-step growth curves of phages
PEB1 and PEB2 in bacterial hosts of stationary phase. Phage titers were normalized
to the initial phage concentrations. Scale bar represents 50 nm in the TEM images.
3.2.3 Magnetic CNCs syntheses, modification, and characterization
Magnetic CNCs of three different sizes (150, 250, and 500 nm) were synthesized using
solvothermal reactions by varying the diethylene glycol (DEG) to ethylene glycol (EG) volume to
volume ratio in their respective syntheses.

26, 27

The CNCs were functionalized with (3-

aminopropyl) triethoxysilane (APTES) by a sol-gel reaction according to a previously reported
procedure. 28 The morphology and size distribution were observed with a JEOL 2010 transmission
electron microscope (TEM) at 200 kV and size distributions of CNCs were estimated based on
100 particles under TEM. The crystalline compositions were identified by powder X-ray
diffraction (XRD, Rigaku DMAX) with Cu Kα radiation (λ = 1.54178 A). Characterization of the
amino groups at the surface of the CNCs was done by Fourier transform infrared (FTIR) spectra
using FTIR Microscope (Nicolet iS50 FTIR, Thermo Scientific). The zeta potentials were
measured by a Nanosized Zetasizer instrument (Malvern Instruments). Surface elements were
analyzed by X-ray photoelectron spectroscopy (XPS) using a PHI Quantera SXM scanning X-ray
microprobe system. Magnetic characterization was conducted with a Superconducting Quantum
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Interference Device (SQUID) completed with a MPMS XL (Quantum Design Inc.). For each
measurement, the samples were weighed, wrapped in Teflon tape, and measured from -10 kOe to
10 kOe at 300 K. The size and surface parameters of CNCs are summarized in Table 3.
3.2.4 PNCs construction and characterization
PNCs were constructed by covalent binding between the phages and CNCs using Nhydroxysuccinimide (NHS) and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride
(EDC) as crosslinkers.

14, 15

Specifically, CNCs (1 mL, 1 mg/mL PBS buffer), EDC (200 μL, 20

mg/mL), NHS (100 μL, 20 mg/mL) and phage (1 mL, 109 PFU/mL PBS buffer) were mixed and
rotated at 30 rpm for 12 h at 4 °C. After the reaction, the PNCs were collected by magnets (K&J
Magnetics, 600 gauss) and the loosely bound phages were washed out twice with 4 °C PBS.
Conjugation was confirmed by epifluorescence microscopy (EFM) using SYBR Gold-stained
phage particles. The PNCs were resuspended with PBS and loaded on Al2O3 Anodisc membrane
filter (Whatman, Clifton, NJ). The sample was mounted on a glass slide with a drop of ProLong
Gold Antifade reagent (Invitrogen) and observed under an EFM (Olympus IX71).
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Figure 7 Characterization of Fe3O4@APTES magnetic colloidal nanoparticle clusters
(CNCs). (A) SEM images of small Fe3O4@APTES CNCs (A1, 150 nm), medium
Fe3O4@APTES CNCs (A2, 250 nm), and large Fe3O4@APTES CNCs (A3, 500 nm).
The scale bars represent 200 nm. (B) XDR spectra, (C) FT-IR spectra, and (D)
Magnetization curves of Fe3O4@APTES CNCs.
Table 3 Size and surface characterization of CNCs and phages
Particle size ZetaPotential Surface N content Surface area
(nm)
Fe3O4@APTES (S)

(mV)

(%)

(m2/g)

154 ± 16

+15.7 ± 0.3

2.87 ± 0.05

44.78 ± 0.98

Fe3O4@APTES (M) 256 ± 28

+14.1 ± 0.4

2.81 ± 0.06

38.48 ± 0.93

Fe3O4@APTES (L)

+10.2 ± 0.3

2.01 ± 0.04

20.74 ± 0.96

Phage PEB1 54 ± 4

-17.3 ± 0.2

NA

NA

Phage PEB2 86 ± 4

-18.2 ± 0.2

NA

NA

498 ± 34

Phages in the initial supernatant and washing solution were mixed to enumerate the total
residual phages. The number of phages loaded onto CNCs was calculated as the difference between
the added and the total residual phage amount. The number of PNCs was measured by the doublelayer plaque assay and counted as infectious centers. The phage loading capacity of each sized
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CNCs was defined as the number of phages on each complex, which was obtained by the number
of loaded phages divided by the number of infectious centers. The phage loading efficiency of
each sized CNCs was defined as the number of phages attached per unit surface area.

Figure 8 Confirmation and quantification of surface-bound phages onto CNCs. (A)
Fluorescent images of SYBR Gold-stained phage PEB1 bound onto CNCs. The
intensity of fluorescence was proportional to the size of the CNCs. The scale bar is
10 µm. (B) Phage loading capacity of CNCs with each larger CNC loading more
phages, and (C) Phage loading efficiency (numbers of phages loaded per surface area)
of different sized CNCs. Enumeration assays were performed three times, and the
error bars denote mean ± one standard deviation.
3.2.5 Bacterial challenge tests in dual species biofilm conditions
The dual species biofilm of E. coli and P. aeruginosa (which are hosts to both phages) was
established on microtiter plates (Grace Bio-Labs, Bend, OR). Bacteria in exponential phase (10
μL for each strain, OD600 = 0.1) were cultivated in 180 μL M63 glucose medium. The plates were
incubated at 30 °C with horizontally shaking at 100 rpm. The liquid medium was replaced with
fresh medium every 12 h. After 48-h cultivation, the unattached cells were gently washed away by
PBS buffer, and the biofilms were treated with following agents: (1) Free phages (2×105 PFU per
well), (2) large-sized PNCs (LPNCs), (3) medium-sized PNCs (MPNCs), and (4) small-sized
PNCs (SPNCs). The PNCs were pushed into the biofilm by a 600-gauss magnetic field. Phagefree CNCs had no noticeable antifouling or bactericidal effects based on crystal violet biofilm
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assay and bacterial growth curves (Fig. S2). After 6-h treatment, the remaining biofilm volume
was estimated by crystal violet optical assay as previously reported.10 The biofilm removal
efficiency was calculated as the relative difference between the treated biofilm and control biofilm.
To disperse the matrix-entrapped phages, Tween-20 was added to a final concentration of 0.05%
(v/v), and gently sonicated at 40 kHz for 5 min in a 4°C bath sonicator (Branson, Danbury, CT).
The final phage counts in each well were measured by the DLP assay using E. coli and P.
aeruginosa as hosts.

Figure 9 Biofilm removal and phage propagation after treatments with conjugated
phages. The dual species biofilm of E. coli and P. aeruginosa was treated by different
methods (1 – Free phages, 2 – Large PNCs, 3 –Medium PNCs, and 4 – Small PNCs).
The CNCs have the same surface area for phage loading. Enumeration assays of
biofilm volume and total phage counts were performed three times, and the error bars
denote mean ± one standard deviation.
3.2.6 Numerical model construction, calibration and simulation
To simulate biofilm eradication by PNCs, one semi-empirical stochastic spatial model was
established as follows. One two-dimension checkerboard was used to represent the cross-section
of biofilm (100 grids in width and 12 grids in height). Each grid can be occupied by at most one
bacterium with no limitation to phage numbers. PNCs were dispersed following normal
distribution at the bottom of biofilm.17 The bacteria-phage interactions simulated by our modified
model consider the following phenomena: (I) Bacterial infection by phage and phage number
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increased by burst size (Eqn. 1), (II) phage diffusion in horizontal and vertical directions (Eqn. 2),
and (III) phage trap by biofilm matrix (Eqn. 3). All these phage processes were assumed to follow
Poisson processes (Pα, Pλ and Pδ are the probabilities of phage infection, phage diffusion and phage
degradation, respectively).16,
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Diffusion rate and degradation/trap rate are different in the

horizontal and vertical directions because vertical channels may be generated (which facilitate
phage diffusion and mitigate phage trap) when PNCs penetrate the biofilm 29-31
𝑃! = 1 − exp (−𝛼𝑁" (

1 − exp (−𝛿∆𝑡)
))
𝛿

(1)

𝑃# = 1 −

𝑒 $#! %& + 𝑒 $#" %&
2

(2)

𝑃' = 1 −

𝑒 $'! %& + 𝑒 $'" %&
2

(3)

𝜆( = 𝜆) × (1 + 𝐹# )

(4)

𝛿( = 𝛿) × (1 − 𝐹' )

(5)

Where N0 is initial phage number, α is infection rate coefficient, δ is degradation/trap rate
coefficient, λH is horizontal diffusion rate coefficient, λV is vertical diffusion rate coefficient, δH is
horizontal trapping rate coefficient, δV is vertical trapping rate coefficient, Fλ is facilitation
coefficient for phage diffusion, Fδ is facilitation coefficient for phage trapping, and Δt is the size
of each time step. The parameters in this model (Table 4) were obtained either from experimental
measurement or from previous studies16, 32 rather than data fitting. The model was calibrated by
experimental results of biofilm removal and phage replication by free phages. The effects of
physical disruption by PNCs were counted in by increased phage diffusion (Eqn. 4) and decreased
phage trap (Eqn. 5) in vertical directions.
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Table 4 Semi-empirical model parameters.
Symbol

Definition

Values

Sources

L1

Width of simulated biofilm

50 μm

Assumed

L2

Height of simulated biofilm

6 μm

Measured

αE

Infection rate coefficient toward E. coli

0.60 min-1

Eqn. S1

αP

Infection rate coefficient toward P.

0.45 min-1

Eqn. S1

0.10 min-1

Eqn. S2

0.1 - 0.17 min-1

Eqn. 4

0.75 min-1

Eqn. S3

aeruginosa
λH

Horizontal diffusion rate coefficient

λV

Vertical diffusion rate coefficient

δH

Horizontal trapping rate coefficient

δV

Vertical trapping rate coefficient

0 - 0.75 min-1

Eqn. 5

Fλ

Diffusion facilitation coefficient

0 - 0.7

Eqn. S4

Fδ

Trapping facilitation coefficient

0 – 1.0

Eqn. S5

N0

Initial phage number

Δt

Time step

304 PFU
1s

Calibrated
Literature 16

Nonetheless, limitations of semi-empirical models resulting from simplifying assumptions should
be recognized. This model assumes homogeneous biofilms and does not consider physical and
ecological heterogeneities (including those caused by penetration by PNCs of different sizes) or
spatial and temporal variations of model parameters. Whereas such limitations hinder accurate
system-specific prediction capabilities, this model is useful to interpret experimental results and
provide valuable insight on biofilm penetration and phage propagation dynamics.
3.2.7 Multiple-species biofilm growth and removal tests
One standard CDC biofilm reactor with polypropylene coupons was used to grow multiple species
biofilm at 25 °C with magnetically stirring at 60 rpm. The reactor was filled with M63 medium
inoculated with E. coli, P. aeruginosa, B. subtilis, and S. oneidensis (10 μL for each strain with
initial OD600 = 0.1) and allowed bacteria to colonize onto the coupons for 24 h. After that, fresh
M63 medium was continuously pumped into the reactor at 2 mL/min with a Masterflex peristaltic
pump (Cole-Parmer, IL) for 72 h. The 4-day multi-species biofilm on coupons was washed gently
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with PBS and then subject to phage tests in Corning 24-well plates (Sigma, MO). The biofilms
were treated for 6 h as follows: (1) Free phage PEB1 (106 PFU per well), (2) LPNCs with 106 PFU
PEB1 immobilized, (3) SPNCs with same surface area for phage immobilization. After treatment,
three coupons were used for biofilm volume measurement using the crystal violet optical assay,
and the other three coupons were used for bacterial enumeration. The biofilm was dispersed by
sonication at 4°C in PBS buffer with 0.5% Tween 20, and the detached bacteria were enumerated
using viable plate counts of total and individual species (EMB agar for E. coli and Pseudomonas
agar for P. aeruginosa).
To visualize the extent of biofilm removal, the residual biofilm on coupon was fixed then
stained with SYTO 9 and propidium iodide (PI) from LIVE/DEAD BacLight kit (Invitrogen,
Basel, Switzerland) following the manufacturer’s instructions. The stained biofilm was placed on
a slide, immersed in ProLong Gold antifade mounting media (Thermo Fischer Scientific) and
covered with a confocal approved coverslip No. 1.5 (VWR, USA). The sample was loaded on a
customized sample holder and then observed using 40X dry objective under Nikon A1-Rsi
confocal laser scanning microscopy- CLSM (Nikon, Tokyo, Japan). The biofilm was excited using
488 nm laser line then visualized in green channel (500-550 nm) for live bacteria and using 560
nm laser line excitation then visualized in red channel (570-620 nm) for dead bacteria. The biofilm
bottom layers were scanned to investigate the impacts of different sized PNCs on biofilm
disruption. Z-stack images were collected and rendered into three-dimension (3D) images to
visualize the structure of biofilm using Nikon NIS-Element software (Nikon, Tokyo, Japan).
3.3 Results and Discussion
3.3.1. Biofilm diffusion assay selected for phages with desirable traits for biofilm treatment
The presence of multiple bacterial species (many of which are nor recognized or infected by
specific phages) and their EPS (which represents a diffusion barrier) contribute to biofilm
resistance to phages.10, 33 Moreover, bacteria in the inner layers of biofilms exhibit lower metabolic
activities,34 hindering phage propagation. Therefore, phages with broad host range, depolymerase
enzymatic activity to degrade EPS, and low dependence on host metabolism are preferred for

32

biofilm eradication.35 Podoviridae phages PEB1 and PEB2 were obtained using the sequential
multiple-host approach followed by biofilm diffusion assays (Fig. 7A). In biofilm phage diffusion
assay, phage PEB1 and PEB2 propagated efficiently through the dual species biofilm of E. coli
and P. aeruginosa and reached the collection chambers within 6 h. Although PEB1 (54 nm in head
diameter) was smaller than PEB2 (86 nm in head diameter) (Fig.7 B-C), both phages shared some
beneficial features for infecting both E. coli and P. aeruginosa in biofilms. First, these phages
exhibited high efficiency of infection towards E. coli and P. aeruginosa: PEB1 had an EOP of 1.0
for E. coli and 0.76 for P. aeruginosa, while PEB2 had corresponding EOPs of 1.0 and 0.84. Phage
plaques on the dual bacterial lawn were both clear in the center and surrounded with a halo, a
strong indication of their ability to produce depolymerase against biofilm EPS.36 Additionally, both
phages could replicate in these hosts in stationary growth phase, which may facilitate phage
infecting bacteria with reduced metabolic activities in mature biofilms.37 Therefore, phages PEB1
and PEB2 were chosen for PNCs construction and biofilm eradication studies.
3.3.2 Larger CNCs loaded more phages per particle, while smaller CNCs exhibited higher
phage conjugation efficiency (phages per unit area)
CNCs surface amination provides covalent binding sites for the carboxylic groups on the phage
head (i.e., amide bonds), exposing the phage tail for host infection.13, 14 The FTIR spectra (Fig. 8C)
shows absorption bands at 996 cm–1, 1126 cm–1, 1662 cm–1 and 3401 cm–1 corresponding to Si–O,
SiO–H and N–H vibrations, respectively.
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These data correspond to the APTES functionalized

surface of the CNCs. 39 According to Scherrer’s equation, X-ray diffraction patterns show that the
magnetite samples of 150, 250 and 500 nm are formed by crystallites of 15 nm, 34 nm, and 13 nm,
respectively (Fig. 8B).40 Additionally, these CNCs showed magnetization saturation values in the
range of 60 to 100 emu/g at room temperature corresponding to superparamagnetic-like behavior
(Fig. 8D).41 This observed magnetic behavior can help phages penetrate through biofilms under
relatively low-strength magnetic fields.
Three different sized magnetic CNCs were tested for phage loading capacity and phage
conjugation efficiency (Figs. 9B-C). Larger CNCs load more phages per particle, while smaller
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CNCs have higher phage conjugation efficiency (phages per unit area). EFM images show that
non-fluorescent CNCs emit green fluorescence after conjugation with SYBR-stained PEB1 (Fig.
9A). The number of phages loaded onto each sized CNCs was proportional to the size of the CNCs
(Fig. 9B), which is reflected by the intensity of green fluorescence from the PNCs with DNAstained phages. For phage PEB1, about 4±1, 12±2 and 37±2 phages were loaded per 150, 250 and
500 nm CNCs, respectively. For phage PEB2 with similar surface charge but larger size (Table 1),
about 2±1, 7±2 and 26±3 phages were loaded per 150, 250 and 500 nm CNCs, respectively (Fig.
3B). Each CNC loaded more PEB1 than PEB2 phages, probably due to less steric hindrance and
electrostatic repulsion between the smaller phage particles on CNC surfaces.14
Although the larger CNCs (with higher surface area per particle) exhibit significantly higher phage
loading capacity, higher efficiency of phage immobilization (phages attached per unit area) was
observed in the smaller CNCs (150 and 250 nm) for phage PEB1 (Fig. 9C). Specifically, the phage
loading efficiency of 150, 250 and 500 nm CNCs was about 60±4, 62±5, and 47±4 phage
particles/µm2, respectively. This is attributed to the higher specific surface are of the smaller CNCs
which results in more APTES per unit area for phage loading. The loading efficiency for the larger
PEB2 was similar across the different CNCs sizes (60±4, 62±5, and 47±4 phage particles/µm2 for
150, 250 and 500 nm CNCs, respectively). Increased repulsion among these negatively charged
phages surfaces presumably leads to relatively even phage distribution.42
3.3.3 Small PNCs facilitated phage propagation and enhanced dual species biofilm removal
Phages act as self-replicating antibacterial agents in the presence of proper bacterial hosts. After
treatment with free phages for 6 h, the biofilm volume was reduced by 37.7±3.2 % with PEB1and
35.4±2.4 % with PEB2 (Fig. 10A). PEB1 and PEB2 titters increased from 1.0 × 106 to 4.0±0.3 ×
108 and 3.8±0.3 × 108 PFU/mL, respectively (Fig. 10B). During free phage treatment, the liquid
solution likely diluted the phage density at the interface of biofilm and bulk solution,
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and

bacterial debris and EPS matrix could hinder phage diffusion deep into the biofilm.43 These
limitations could be overcome by loading properly oriented phages onto magnetic nanocomposites
and pushing them with a magnetic field to the inner layer of the biofilm. When a similar number
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of PEB1 phages were loaded onto the large CNCs and penetrated the biofilm under a magnetic
field, phage propagation was facilitated and final phage counts increased to 6.8±0.4 × 108 PFU/mL,
with a higher biofilm volume removal efficiency of 80.2±3.4 ±1.4 %.
Though each LPNC loaded more phages, as soon as the phage threshold for initiating infection
was reached, there was no benefit to loading additional phages (e.g., same biofilm removal
efficiency for 22 and 38 phages per particle, Fig. S3), and lower horizontal dispersion of LPNCs
could become a drawback for biofilm removal. SPNC with 4 PEL1 conjugated per particle on
average facilitated phage propagation in the tested biofilm due to improved dispersion potential,
resulting in final phage counts of 8.8±0.4× 108 PFU/mL and biofilm volume removal efficiency
96.3±1.4 %. On the other hand, LPNCs physically disrupted the biofilm to a greater extent than
SPNCs (Fig. S4), which facilitated phage diffusion in the vertical direction (Fig. S1B). Therefore,
phage propagation and biofilm removal were enhanced compared to free phage treatment.
However, this advantage was offset by extensive phage aggregation on LPNCs. Therefore, SPNCs
with higher dispersion potential and sufficient phage loading to initiate infection were better suited
for treating biofilms.
SPNCs loaded with fewer large phages were less effective than those loaded with a larger number
of smaller phages. Specifically, comparing SPNCs loaded on average with 4 (smaller) PEB1 or 2
(larger) PEB2 per particle, the PEB1-loaded PNCs reached higher biofilm removal efficiency
(96.3±1.4 % vs. 85.4±3.2 %) and larger final phage titter (8.8±0.4 × 108 vs. 6.9±0.4 ×108 PFU/mL)
than those of PEB2-loaded PNCs. However, this trend was not observed for large PNCs loaded
with 38 PEB1 versus 26 PEB2 per particle. In both cases, LPNCs carried sufficient phages to
initiate infection, and there were no noticeable drawbacks to replacing smaller phages with fewer
larger phages (Fig. 10).
3.3.4 The semi-empirical model infers distinct phage infection patterns by different sized
PNCs
The parameters used in this model are summarized in Table 2 and the simulation results are shown
in Figure 18. The model infers that free phages and PNCs followed different propagation patterns
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to disrupt the biofilm. The simulated results agree with the residual biofilm patterns observed
experimentally (Fig. 11). In these simulations, free phages proliferated towards biofilm inner
layers but did not reach the bottom within the treatment period, which resulted in large volume of
residual biofilm. PNCs initiate infection at the bottom and proliferate upwards, leading to
disruption of the inner layers and de-anchoring of the biofilm, resulting in more efficient biofilm
eradication.

Figure 10 Simulation and experimental results of biofilm removal following
treatment by free phages and different sized PNCs. The left panels are simulated
cross-section of dual species biofilm of E. coli (red cell) and P. aeruginosa (green
cell). Each grid represents 0.5 × 0.5 µm. The right panels are microscopic images of
the surface of residual biofilms stained with SYTO 9.
Based on the semi-empirical model, different sized PNCs caused distinct phage infection patterns
because of differences in numbers of infection centers and extent of vertical biofilm penetration.
LPNCs resulted in greater vertical phage infection and significant biofilm clearance where PNCs
were introduced (Fig. 11C). However, due to the limited number of initial infection centers and
relatively low horizontal propagation, there were some inner layer areas not reached by phages
(Fig. 11C). Fluorescent imaging agreed with simulation results in that some residual biofilm areas
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contained live bacteria after treatment with LPNCs (Fig. 11C). In contrast, smaller PNCs caused
more initial infection centers in the horizontal direction, although phage vertical propagation was
not as effective (Figs. 11D-E). The resulting more significant disruption of biofilm inner layers
eradicated the biofilm within 6 h (Figs. 18D-E). Fluorescent imaging also showed less residual
biofilm after treatment with smaller-sized PNCs (Figs. 18D-E). Based on their phage infection
patterns, LPNCs seem better suited for treating continuous and deep biofilms while SPNCs may
be preferred for micro-3colonies and scattered and thin biofilms.
3.3.5 PNCs eradicated a multi-species biofilm by targeting dominant species at the bottom
layer
Maturation of biofilm and presence of phage-resistant bacteria hinders eradication by free
phages.44, 45 For example, mature multi-species biofilm containing soil bacteria exhibited improved
resistance to phage infection relative to a dual species biofilm.10 Treatment with free phage PEB1
for 6 h resulted in only 20.8±3.8 % removal efficiency for the multi-species biofilm, compared to
37.7±3.2 % for the above dual species biofilm.
PNCs pushed in by a 600-gauss magnetic field circumvented the defense of upper layer biofilm
components and directly targeted the dominant bacteria that anchored the biofilm. After 3-h phage
infection, the biofilm inner layer was disrupted to a much higher extent by PNCs than by free
phages (Fig. 12A). SPNCs formed more infection centers that were more evenly distributed
through the biofilm relative to the LPNCs (Fig. 12A). Moreover, the bacterial Dead/Live ratios
were 9±3 %, 19±4 % and 32±3 % after treatment with free phages, LPNCs and SPNCs,
respectively.
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Figure 11 Mature biofilm disruption and eradication by free phages and PNCs. Four
treatments are depicted: 1 – No phage added (control), 2 – Free phages, 3 – Large PNCs,
4 –Small PNCs. (A) Inner layer biofilm disruption by free phages and PNCs after 3-h
treatment. (B) Bacterial density and relative residual biofilm volume after 6-h treatment.
(B) 3D images of biofilm after 6-h treatment observed by CLSM. Bacteria were stained
with SYTO 9 and PI with live cells green and dead cells red.
Following a bottom-up phage propagation pattern, PNCs may destabilize and de-anchor the whole
biofilm following lysis of the inner layer bacteria and degradation of the EPS matrix. After 6-h
treatment, the overall biofilm volume decreased by 67.6±3.8 % with LPNCs and by 94±3.1 % with
SPNCs (Fig. 12B). Although LPNCs significantly improved biofilm removal efficiency compared
to free phages, some residual biofilm remained with bacterial Dead/Live ratio at 34±6 %. The
presence bacteria resistant to these phages (B. subtilis and S. oneidensis) and accumulation of dead
bacteria (Figs. 19B-C) hindered phage propagation16. SPNCs with more initial infection centers
resulted in more thorough biofilm removal with higher Dead/Live ratio (57±8 %) in the residual
biofilm (Fig. 12C). Additionally, the dominance of E. coli and P. aeruginosa was replaced by that
of phage resistant soil bacteria B. subtilis and S. oneidensis after PNC treatment (Fig. 12B).
3.4 Conclusion
Current biofilm removal approaches are relatively inefficient, which calls for more effective and
sustainable biofilm-eradication technologies. Coupling multi-host isolation methods with biofilm
phage diffusion assays selected for phages with broad host range and high biofilm propagation
potential to facilitate biofilm eradication. Magnetic phage-nanocomposite conjugates (PNCs)
driven by a magnetic field initiate phage infection at the biofilm bottom, leading to rapid biofilm
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detachment. A semi-empirical numerical model appropriately simulated the phage propagation
patterns, and corroborated the observed biofilm removal efficiency by different sized PNCs: small
PNCs with more infectious centers effectively deanchored the biofilm through extensive horizontal
dispersion through the bottom of the biofilm, while large PNCs exerted larger biofilm disruption
in the vertical direction. This combined computational and experimental approach demonstrates
an inverse relationship between PNC size and biofilm eradication potential, and provides
mechanistic insight for the application of nanotechnology-enhanced phage-based biofilm control.
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Chapter 4: Silica Removal Using Magnetic Iron-Aluminum (Fe-Al) Hybrid
Nanomaterials: Measurements, Adsorption Mechanisms, and Implications for
Silica Scaling in Reverse Osmosis
4.1 Introduction
Inland desalination of brackish groundwater is a promising strategy to alleviate water scarcity
through augmenting fresh water supply.1,2 Reverse osmosis (RO), the most-efficient desalination
technology,3 has attracted major interest in inland desalination.4,5 Typical water recovery in
desalination of brackish water by RO (BWRO) is 50-90%.6 Increasing water recovery and
minimizing the volume of waste brines are of paramount importance for the widespread
application of BWRO in inland desalination. However, increased water recovery in BWRO
desalination leads to elevated concentrations of scalants and foulants in the feedwater within the
membrane modules. In particular, brackish groundwater sources contain a high concentration of
scale-forming inorganic species such as Ca2+, Mg2+, and silicic acid.2 As a result, inorganic scaling,
especially silica scaling, becomes the major limiting factor for achieving high water recovery in
inland desalination.7 Various forms of silica (e.g., soluble, colloidal, and suspended silica) are
ubiquitous in groundwaters.8 The concentration of silica directly affects the silica scaling process.
Membranes used for the filtration of 100 mg L–1 of dissolved silica exhibit patches of semitransparent deposits as a consequence of slow monomeric silica precipitation.9 When silica in
feedwaters exceeds the solubility limit (i.e., 120-150 mg L–1 at pH 7 and 25 ℃),10-12 silica
precipitates, polymerizes, and accumulates on the membrane surface causing severe and
irreversible flux decline.13 High concentration of silica (e.g., 200-500 mg L–1), which can develop
within the membrane module at high water recoveries, leads to the formation of large aggregates
of an opaque and milky film; this is likely ascribed to the rapid deposition of silica colloids in
supersaturated solutions.9 Overall, silica scaling limits the efficiency of RO desalination and poses
a major barrier towards high water recovery for brine management.9,14,15 Commonly used
antiscalants are most effective in the prevention of crystal formation of other inorganic species,
but are not effective in inhibiting the scaling of amorphous silica.16,17 Antiscalants have been
reported to stabilize silica species in solution and hinder the formation of silica scale on the
membrane surface.18,19 However, the application of antiscalants increases operational costs and
leads to organic and biological fouling.16 Therefore, other strategies for silica removal have been
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proposed, including alkaline precipitation,20 electrocoagulation,9 metal salt addition,20,21
adsorption,22,23 ion exchange,24 and seeded precipitation.25 Among these technologies, adsorption
of silica using aluminum and iron-based materials before membrane filtration (e.g., RO) can be an
efficient and scalable pretreatment strategy to alleviate silica scaling. Nanomaterials have received
attention for water treatment applications due to size-related properties such as enhanced surface
area and higher adsorption-to-mass ratio.26,27 In addition, the combination of two or more
nanomaterials yields hybrid composites that exhibit multifunctionality.28 Silica removal by
aluminum and iron hydroxide has been reported;22,23,29 however, issues related to the recovery of
the adsorbents have not been well addressed.8,30 Superparamagnetic iron oxide (Fe3O4)
nanoparticles are commonly used due to their ease of separation from aqueous solutions using low
magnetic fields.31-35 The development of composites that not only retain the magnetic response of
iron oxide nanoparticles for recovery, but also confer the physicochemical properties of the
integrated nanomaterials (i.e., aluminum hydroxide for silica adsorption) are of specific interest to
the present work. In this study, we report our efforts in developing Al(OH)3@Fe3O4 magnetic
nanomaterials with a core-shell structure for the efficient and sustainable removal of dissolved
silica from water. Material properties of the as-prepared nanomaterials are extensively
characterized to confirm the successful synthesis of the core-shell structure. The synthesized
Al(OH)3@Fe3O4 nanomaterials display high adsorption capacity of silica and excellent reusability
through magnetic separation. We conduct dynamic silica scaling experiments in a lab-scale RO
setup to evaluate the scaling propensity of the feed waters with or without the pretreatment of
Al(OH)3@Fe3O4 nanomaterials. Additionally, the evolution of silica species on the surface of the
Al(OH)3@Fe3O4 nanomaterials over time is systematically investigated to elucidate silica
adsorption and scaling mechanisms.
4.2 Materials and Methods
Iron (III) chloride anhydrous (FeCl3), iron (II) chloride tetrahydrate (FeCl2·4H2O), aluminum
nitrate (Al(NO3)3), sodium chloride (NaCl), calcium chloride (CaCl2), sodium bicarbonate
(NaHCO3), and sodium sulfate (Na2SO4) were purchased from Alfa Aesar. Ethanol was obtained
from Fischer Scientific. Sodium metasilicate pentahydrate (Na2SiO3·5H2O, > 95.0%), ammonium
molybdate ((NH4))6Mo7O24·4H2O), oxalic acid, bovine serum albumin (BSA), and alginate acid
from brown algae were received from Sigma-Aldrich. Magnesium chloride hexahydrate
(MgCl2·6H2O) and sodium hydroxide (NaOH) were purchased from J.T. Baker. Deionized (DI)
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water from a Milli-Q ultrapure water purification system (Millipore Co.) was used in this study.
Commercial thin-film composite reverse osmosis (RO) membranes (BW30) were purchased from
Dow Chemical. Membrane coupons were immersed in 25% isopropanol solution for half an hour,
followed by thorough rinsing with DI water. The membranes were then stored in DI water at 4 ℃
before use.
4.3 Syntheses
4.3.1 Synthesis of Fe3O4 nanoparticles
Chemical co-precipitation of Fe3+ and Fe2+ ions with a 2:1 molar ratio was carried out as described
elsewhere,36 with slight modification. FeCl3·6H2O (3.503 g, 0.0215 mol) and FeCl2·4H2O (2.147
g, 0.0107 mol) were dispersed in 250 mL of distilled water, followed by ultrasonication for 45
minutes. The dispersion was stirred for 30 minutes under an N2 atmosphere. Aqueous NH4OH (24
mL of 25% wt.) was rapidly injected when the temperature reached 85 ℃. The formation of
magnetite as a black precipitate was immediately observed upon addition of the base. The reaction
continued for 30 minutes and the solution was left to cool until it reached room temperature. The
supernatant solution was decanted by retaining the precipitate with a magnet. The solid was then
re-dispersed by ultrasonication in 200 mL of DI water. This washing process was repeated with a
0.02 M NaCl solution (once), DI water (three times), and ethanol (three times). The resulting
magnetic powder was dried in vacuum overnight at room temperature.
4.3.2 Synthesis of Al(OH)3@Fe3O4 Nanomaterials
Magnetite nanoparticles were functionalized with Al(OH)3 using a 2:3 and 2:5 Fe:Al molar ratio.37
Fe3O4 (1 g, 4 mmol) was dispersed in 250 mL of DI water using an ultrasonication bath for 45
minutes. The Fe3O4/H2O mixture was degassed and placed under a N2 atmosphere and warmed to
85 °C while stirring. To this mixture, 40 mL of a 1 M Al(NO3)3 solution were added dropwise via
syringe. The pH of the solution was maintained at 8 by adding 2 M NaOH as needed. The reaction
mixture was stirred for 2 hours and then left to cool until it reached room temperature. The dark
brown precipitate was collected with a magnet followed by washing with DI water (three times)
and ethanol (three times) and decanted. The nanoparticles were dried at 40 °C under vacuum
overnight.
4.4 Characterization
The morphology of Al(OH)3@Fe3O4 nanomaterials was visualized by transmission electron
microscopy (TEM) with an accelerating voltage of 200 kV (FEI Tecnai Osiris, ThermoFisher
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Scientific, USA). In addition, to find the distribution of each element in the Al(OH)3@Fe3O4
nanomaterials, high angle annular dark field scanning transmission electron microscopy (HAADFSTEM) images and relative energy-dispersive spectroscopy (EDS) mapping images were
obtained. X-ray photoelectron spectroscopy (XPS, PHI VersaProbe II, ULVAC-PHI, INC., Japan)
tests using monochromatic Al Kα radiation with a 0.47 eV system resolution were performed to
characterize chemical composition and oxidation states of Al(OH)3@Fe3O4 nanomaterials. The
binding energy was calibrated with C 1s peaks at 284.8 eV. To identify the purity and phase of
Al(OH)3@Fe3O4 nanomaterials, X-ray powder diffraction (XRD) patterns were conducted using
Rigaku Smartlab between 10° and 80° (2θ) with a scan step of 10° min–1. The tests were conducted
at 40 kV and 30 mA using Cu Kα radiation. Dynamic light scattering (DLS) analyses were carried
out on a Nano Brookhaven Omni instrument. Each Al(OH)3@Fe3O4 nanomaterial was measured
five times to obtain an average particle size. The stability and adsorption capacity of each
Al(OH)3@Fe3O4 nanomaterial were evaluated by measuring the silica removal efficiency at
different pH (4-11) and in the presence of co-occurring compounds. Ca2+ (7 mM), Mg2+ (3.5 mM),
HCO3─ (5 mM), SO42─ (5 mM), sodium alginate (SA, 5 g L–1), and bovine serum albumin (BSA,
5 g L–1) were selected as representative cations, anions, and natural organic matter.
4.4.1 Adsorption Performance
The initial silica solution was prepared by dissolving Na2SiO3·5H2O in DI water and adjusting the
solution pH to 7.0 ± 0.1 using HCl. Two silica concentrations, 0.5 and 2 mM, were used to simulate
brackish groundwater reverse osmosis (BWRO) concentrates (after 75% water recovery).38
Al(OH)3@Fe3O4 nanomaterials (100 mg) were then added to 50 mL of the silica solution. All
adsorption experiments were conducted at room temperature (25 ± 1 ℃). At certain time intervals
ranging from 10 minutes to 3 days, 2 mL of nanomaterial-silica solution was sampled, and the
magnetic Al(OH)3@Fe3O4 nanomaterials were separated from aqueous solution using a strong
magnet, 76.2 mm × 76.2 mm × 3.2 mm, with a maximum energy product of 52 MGOe. The
supernatant was then filtered through a membrane (0.22 µm pore size, Millipore, US) and the
remaining silica concentration was quantified using the silicomolybdate spectrophotometric
method.39 Specifically, 1 mL of a 0.1 g mL–1 of ammonium molybdate and 0.5 mL of HCl solution
(one volume of 37% HCl mixed with an equal volume of water) were added into the 2 mL sample.
The mixture was vortex shaken for 30 seconds and then set aside for 10 minutes. Then, 1 mL of a
1 M oxalic acid solution was added and thoroughly mixed again. After leaving the mixture
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undisturbed for 2 minutes, silica was quantified by UV-vis spectroscopy at 420 nm. Equilibrium
adsorption isotherms were determined by varying the initial concentration of silica solution from
0.1 to 2 mM at pH 7.0 ± 0.1. A fixed amount of Al(OH)3@Fe3O4 nanomaterials (resulting in a
concentration of 2 g L–1) was added to 50 mL of silica solution. The silica remaining in solution
was quantified after three-hour adsorption. The equilibrium adsorption capacity of silica (qe: mg
silica per gram of nanomaterial) was calculated by:
(c0 -ce )V
(1)
m
–1
where c0 and ce (mg L ) are the initial and equilibrium concentrations of silica in solution,
qe =

respectively, V is the volume of the silica-containing solution, and m (g) is the dry mass of the
adsorbent nanomaterial used in the experiment. The Freundlich isotherm model, which is more
suitable for heterogeneous adsorbents, was used to fit the adsorption data:
qe = KF C1/n
e

(2)

where KF (mg g–1)/(mg L–1)n is the Freundlich constant and n is the intensity parameter which
indicates the magnitude of the adsorption driving force.40
To explore the regeneration and reusability of Al(OH)3@Fe3O4 nanomaterials, NaOH was selected
as the regeneration reagent. The NaOH concentration was varied from 0.01 to 0.5 M to determine
optimal regeneration conditions. Four cycles of adsorption tests were conducted after each
regeneration cycle, and the released Al, Fe, and Si species were determined by inductively coupled
plasma mass spectrometry (ICP-MS, Perkin Elmer, ELAN DRC-e, USA). The regeneration
performance was referred to removal efficiency, calculated using:
Removal efficiency (%) = 71-

silica remained in solution
initial silica

8×100

(3)

4.4.2 Spectroscopic Characterization
The interaction between Al(OH)3@Fe3O4 nanomaterials and the dissolved silica in solution was
investigated using solid-state NMR, IR, and Raman spectroscopy. Silica polymerization on
Al(OH)3 nanoparticles was monitored through 29Si solid-state NMR on samples obtained during
adsorption experiments conducted by adding 40 mg of Al(OH)3 into 20 mL of a 2 mM silica
solution at room temperature (25 ± 1℃). At 10-minute intervals (i.e., 10, 20, 30, 40, 50, and 60
minutes), the adsorption process was stopped by freezing the samples with liquid nitrogen and
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freeze-drying for three days in a VerTis Lyophilizer. 29Si solid-state NMR spectra were acquired
on a Bruker Avance NEO NMR instrument with a MASDVT500W2 N-P/F-H probe (Bruker Co.,
USA). The sample was put into a 3.2/2.2 magic angle spinning (MAS) rotor with spinning
frequency set at 5000 Hz.
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Si spectra were recorded through a RAMP CP-MAS (ramped

amplitude cross-polarization magic angle spinning) experiment. CP contact time of 2 ms, recycle
delay of 5 seconds, and proton decoupling of 92 watts were used to yield quantitative spectra. Each
spectrum was acquired for ~2 days to obtain a higher signal-to-noise ratio, and Fourier transformed
with 300 Hz line-broadening. Raman and IR measurements were carried out in a similar fashion
to those of solid-state NMR, Al(OH)3@Fe3O4 nanomaterials (100 mg) were added to 50 mL of a
2 mM silica solution. All adsorption experiments were conducted at room temperature (25 ± 1 ℃).
At 10-minute intervals (i.e., 5, 10, 20, 30, 40, and 50 minutes), the adsorption process was stopped
by liquid nitrogen, followed by freeze-drying in the lyophilizer. Raman spectra of Al(OH)3@Fe3O4
nanomaterials during the silica adsorption process were collected using a Horiba Jobin Yvon HR800 Raman spectrometer with excitation by a green laser tuned to 532 nm. Infrared-attenuated
total reflection (IR-ATR) spectra were obtained using a Thermo Nicolet 6700 spectrometer
(Thermo Fisher, Waltham, USA) with 64 scans for each sample. Two-dimensional correlation
spectroscopy (2D-COS) was conducted to analyze the collected spectra for the generation of a
series of dynamic spectra using adsorption time as the external perturbation.
4.4.3 Evaluation of Silica Scaling in RO
The propensity of silica scaling was probed by using pretreated and non-pretreated feed waters in
a lab-scale RO system. A new membrane coupon was compacted with DI water for ~20 hours at
31.7 bar to obtain a constant water flux. The pure water flux and salt rejection were measured
under 27.6 bar with a crossflow velocity of 16 cm s–1 at a temperature of 25 ± 1 ℃ with DI water
and 35 mM NaCl as the feed solution, respectively. Next, silica scaling experiments were
performed for ~24 hours at a crossflow velocity of 16 cm s–1 at 25 ± 1 ℃. The water flux
throughout the scaling experiments was monitored with a digital flow meter (Optiflow 1000,
Humonics, CA). The silica saturated feed solution was identical to that of prior work.41 To model
brackish groundwater after 70−80% recovery, 2.8 mM Na2SiO3·5H2O, 7.0 mM CaCl2, 3.5 mM
MgCl2, and 35 mM NaCl at pH of 6.5 ± 0.05 were added to DI water. The silica concentration in
the feed solution represents a saturation index of 1.5.
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4.5 Results and Discussion
4.5.1 Characteristics of Al(OH)3@Fe3O4 Nanomaterials
The particle size distribution of the nanomaterials in aqueous solution was determined by dynamic
light scattering (DLS). The nanomaterials synthesized using a higher mass ratio of aluminum
(Samples #1 and #3) are larger in size compared to those with lower aluminum ratio (Samples #2
and #4). In TEM images (Figure 13A), the Al(OH)3@Fe3O4 nanomaterials displayed spherical
shape with partial aggregation. The EDS elemental mapping images (Figures 13B-C) confirm the
presence and the homogenous distribution of the primary elements (Fe and Al) in the synthesized
nanomaterials. The structure and crystallinity of the samples were determined through powder Xray diffraction analyses (Figure 13D). The as-synthesized nanoparticles display diffraction peaks
at 2θ values of 18.0°, 30.0°, 35.4°, 43.0°, 53.4°, 56.9°, and 62.5° (noted with star symbols), which
were indexed to the diffraction peaks of (1 1 1), (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4
0), respectively, resembling the standard diffraction pattern of the Fe3O4 (JCPDS card No.
190629).42
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Figure 12 Representative TEM images of Al(OH)3@Fe3O4 nanomaterials (Sample
#2): (A) low magnification and high magnification (insert) TEM of Al(OH)3@Fe3O4;
(B) HAADF image of Al(OH)3@Fe3O4; and (C) elemental mapping of
Al(OH)3@Fe3O4 (red colors refer to the Al, and green colors indicate the Fe).
Structure and composition of the Al(OH)3@Fe3O4 nanomaterials (Sample #2): (D)
representative XRD pattern; (E-F) deconvolution of (E) Fe 2p and (F) O 1s XPS
spectra.
The lack of characteristic crystalline peaks corresponding to Al(OH)3 implies an amorphous shell
structure outside the magnetite core. X-ray photoelectron spectroscopy (XPS) results reveal the
chemical bonding state of the elements within Al(OH)3@Fe3O4 nanomaterials. As shown in Figure
13E, the deconvolution of Fe 2p spectrum displays two peaks at 710.4 and 712.8 eV, which are
assigned to Fe2+ 2p3/2 and Fe3+ 2p3/2, respectively.43 The signal from Al 2p is present at 74.1 eV. The
O 1s signal varies from 530.0 to 531.6 eV. This oxygen peak can be deconvoluted to the three
major peaks in Figure 13F that are respectively ascribed to O2- in magnetite Fe3O4 (530.0 eV), O–
H bond in Al(OH)3 (531.6 eV), and adsorbed water on the surface of Al(OH)3 (533.1 eV).43,44
4.5.2 Silica Adsorption Behavior on Al(OH)3@Fe3O4 Nanomaterials
Silica adsorption experiments were conducted at two different silica concentrations (i.e., 0.5 and
2 mM) for each of the four as-synthesized nanomaterials. Each nanocomposite with a
concentration of 2 g L–1 was added to a silica solution, followed by adjusting the pH to 7.0 ± 0.1
using HCl. The solutions were continuously shaken for 72 hours to reach adsorption equilibrium.
Figures 10A and 10B show the kinetics of silica adsorption. In the first 30 minutes, silica was
rapidly adsorbed to all the nanomaterials due to the abundance of adsorption sites on the Al(OH)3
shell, in agreement with reported studies of silica adsorption on mineral (i.e., oxides and
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hydroxides of aluminum and iron) surfaces.30 This initial adsorption is a nonequilibrium process,
which involves the adsorption of short-chained silica species on the nanomaterials.30 As time
increases, the adsorbed silica tend to desorb due to the depolymerization of silica,30 thereby leading
to an increase of silica concentration in the solution. After 72 hours, ~95% and ~80% of silica was
removed from the low and high silica solutions, respectively (Figures 14A and B).

Figure 13 Silica adsorption behavior of four types of Al(OH)3@Fe3O4 nanomaterials
with different Fe:Al ratios in solutions containing (A) 0.5 mM silica and (B) 2 mM
silica. Experimental conditions: 50 mL initial silica solution, pH 7.0 ± 1.0, 2 g L–1
Al(OH)3@Fe3O4 nanomaterials, and room temperature (25 ℃).
Among the four types of the Al(OH)3@Fe3O4 nanomaterials, Sample #2 exhibited the highest silica
removal in the first two hours, which is more relevant for engineered treatment processes. The
adsorption of silica to this sample exhibited a good fit (R2 > 0.998) using the Freundlich adsorption
isotherm, implying adsorption on a heterogeneous surface.33 Therefore, we selected Sample #2 as
an adsorbent for the subsequent RO scaling experiments. The complex background composition
of real3 waters poses a great challenge to adsorption efficiency of the Al(OH)3@Fe3O4
nanomaterials. Thus, the impact of pH and co-occurring compounds on silica adsorption was
evaluated. The adsorption capacity of the Al(OH)3@Fe3O4 nanomaterials did not vary between pH
4 and 9, while the adsorption capacity decreased by ~32% at pH 11 compared with that at pH 7.
This decrease in adsorption capacity could be explained by the change in solubility of silica at
different pH. At higher pH, OH– would compete with silica on adsorption sites, thereby reducing
the amount of adsorbed silica onto the nanoparticles.8, 45 Notably, co-existing compounds, such as
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inorganic ions and organic substances, did not affect silica adsorption on the Al(OH)3@Fe3O4
nanomaterials. This observation might suggest that Ca/Mg cations may interact with the HCO3/SO42- anions or BSA/SA organic substances. Taken together, these results highlight the stable
performance of the Al(OH)3@Fe3O4 nanomaterials in complex water environments.
4.5.3 Regeneration Behavior of Al(OH)3@Fe3O4 Nanomaterials
We evaluated the reusability of the Al(OH)3@Fe3O4 nanomaterials after the adsorption of silica.
NaOH was used as a regeneration reagent, and its concentration varied from 0.01 to 0.5 M to
determine the optimal conditions. Regeneration of the nanomaterials was conducted immediately
after the three-hour adsorption test and the concentrations of released Al, Fe, and silica in the
regeneration solution (20 mL) were determined. A substantial amount of silica (concentration of
~77.8 mg L–1 in the 20 mL solution) was released during the regeneration process (Figure 15A),
indicating the successful desorption of silica using alkaline solutions. The first adsorption cycle
showed ~60% recovery of the adsorption capacity (Figure 15B). After four cycles of adsorption
and regeneration, the nanomaterials were rinsed with 0.05 M NaOH, and they retained ~40% of
the adsorbent initial silica adsorption capacity (Figure 15B), which is likely attributable to the
lowest amount of Al released under these solution conditions (0.05 M NaOH) (Figure 15C). It was
also observed that a lower amount of Fe was released during the regeneration process compared
with Al (Figure 15D). The release of Al and Fe might be related to the dissolution of the asprepared nanomaterials at high pH.46 This result is explained by the core-shell structure of the
Al(OH)3@Fe3O4 nanomaterials that exposes the outer Al(OH)3 shell to the solution, thereby
resulting in more Al release than Fe release. Additional regeneration conditions¾lower
concentration of NaOH (i.e., 0.005 M) and a weak base (i.e., sodium bicarbonate)¾were used.
Both regeneration conditions did not show better performance compared to that with 0.05 M
NaOH. Thus, 0.05 M NaOH was the optimal regeneration condition used in this study. Further
discussion of silica desorption mechanisms during the regeneration process is given in the next
subsection.
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Figure 14 Regeneration and reuse performance of Al(OH)3@Fe3O4 nanomaterials
(Sample #2) with different base (NaOH) concentrations. (A) Released amount of
silica during the regeneration process. (B) Silica removal efficiency during four
cycles of adsorption. (C-D) Released amount of (C) Al and (D) Fe during the
regeneration process. Experimental conditions: 20 mL of 2 mM silica solution, 2 g
L–1 Al(OH)3@Fe3O4, room temperature (25 ℃); each cycle was composed of 3hour adsorption and 2-hour regeneration.
4.5.4 Mechanisms of Silica Adsorption to Al(OH)3@Fe3O4 Nanomaterials
Understanding the mechanisms of silica adsorption onto the surface of the Al(OH)3@Fe3O4
nanomaterials could lead to better design of adsorbents and strategies for silica scaling
mitigation.41, 47-49 Silica species adsorbed on the Al(OH)3@Fe3O4 nanomaterials were investigated
for their structural variations. Specifically, silica speciation was characterized by inspecting their
unique vibrational modes, chemical shifts, and electronic structure as a function of time using
various characterization techniques (FTIR, Raman, solid-state NMR, and XPS). FTIR spectra of
silica adsorbed on the Al(OH)3@Fe3O4 nanomaterials as a function of time show the characteristic
peaks of Al(OH)3@Fe3O4 nanomaterials backbones could be identified in the region of 1250-400
cm–1. The spectra of Al(OH)3@Fe3O4 nanomaterials were shifted to a higher wavenumber upon
50

the adsorption of silica. The adsorption intensity was also enhanced as the adsorption time
increased. However, due to the overlap of the peaks and low sensitivity of the infrared
spectroscopy, information on dynamic transformation of adsorbed species could not be extracted
from the FTIR spectra. Therefore, two-dimensional correlation spectroscopy (2D-COS) analysis
was employed to reveal the silica species structural variations during adsorption. 2D-COS analyzes
a suite of spectral data of a system under an external perturbation (i.e., adsorption time in our case),
thereby greatly enhancing spectral resolution compared to conventional FTIR spectra.50, 51 Detailed
procedures on transferring traditional FT-IR spectra to 2D-COS maps are described in Section 1
of the SI. The 2D synchronous spectra indicate the susceptibility of structural changes along with
the applied external perturbation. In the synchronous map (Figure 12A), five prominent autopeaks
on the main diagonal at 513, 713, 854, 1022, and 1088 cm–1 are observed. As summarized in Table
1, these peaks are respectively assigned to Si–O–Si bending, Si stretching, Si–O stretching of Si
atom bridged with two (Q2 units) oxygen atoms, four (Q4 units) oxygen atoms, and three (Q3 units)
oxygen atoms (chemical structures are provided in Scheme 1 in the SI).52, 53 This result indicates
that the Si–O–Si bending, Si stretching, and Q2 to Q4 units are susceptible as silica adsorption
proceeds. Notably, the crosspeak of 1088/1022 cm–1, located at the off-diagonal exhibits positive
signs in the synchronous map (listed in Table 5), implying that silica species related to IR peaks
change in the same direction during the adsorption. 2D asynchronous spectra provide more
information about the sequential order of the specific peaks during adsorption. In the synchronous
and asynchronous maps (Figures 16A and B), the red color represents a positive sign, while the
blue color represents a negative sign. The crosspeak of 1088/854 cm–1 is negative in the
synchronous and positive in the asynchronous maps (noted by an arrow in Figure 16B, and listed
in Table 5). According to Noda’s rule,54 the sequence of the signals follows the order of 854 >
1088 > 1022 cm–1, thereby implying the emergence of silica species in the sequence of Q2 → Q3
→ Q4. Taken together, the 2D-COS map analysis indicates that the silica first binds to the
Al(OH)3@Fe3O4 nanomaterials in Q2 form, followed by polymerization to form Q3 and Q4 units.
This result also indicates the chemisorption of silica, which requires strong alkaline like NaOH to
break the bonds for releasing the silica in the regeneration process.
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Figure 15 2D-COS maps of adsorption behavior during one-hour adsorption by
Al(OH)3@Fe3O4 nanomaterials (Sample #2): (A) synchronous and (B) asynchronous 2DCOS maps generated the ATR-FTIR spectra during one-hour adsorption by
Al(OH)3@Fe3O4 nanomaterials. (C) Characterization of Al(OH)3 after silica adsorption
through 27Si solid-state NMR. Experimental conditions: 25 mL of 2 mM silica solution was
adsorbed by 2 g L–1 of Al(OH)3 at pH 7.0 ± 1.0 at room temperature (25 ℃). Samples were
taken at different times and the adsorption process was stopped with liquid nitrogen. Samples
were freeze-dried and measured by 29Si solid-state NMR at 5000 Hz.
Table 5 Assignment of crosspeaks between silica and Al(OH)3@Fe3O4 nanomaterials in
synchronous and asynchronous 2D-COS maps.
Signal
Peak (cm–1)

Assignment

1088

Q3

1022

4

Q

854

Q2

1088

1022

854

+

+(+)

-(+)

+

+(-)
+

Signs were obtained from the upper-left corner of the maps in Figure 12: +, positive; -, negative.
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Raman spectroscopy was used to further probe the polymerization of silica on the Al(OH)3@Fe3O4
nanomaterials. The Raman spectra at different adsorption times ranging from 0 to 50 minutes show
at minute 0, a broad spectrum with a peak at 685 cm–1, attributable to the Al-O stretch of the
Al(OH)3 shell, is observed.55 During the first 5 minutes of adsorption, new peaks appear at 494,
774, and 880 cm–1. The peak at 494 cm–1 is assigned to the bending of Al-O-Si-O vibration in fourmembered rings,56,57 while peaks at higher wavenumber (774 and 880 cm–1) are ascribed to
monomeric Si–O or Al–O stretches.56 After 10 minutes, a clear peak at 400 cm–1 is observed,
attributed to the bending of Al–O–Si–O vibration in five-membered rings, indicating that more
silica adsorbed on the surface of the nanomaterials.56 This observation is consistent with the
adsorption profile in Figure 2 at the same timescale. In addition, smaller peaks at higher
wavenumbers, corresponding to Si–O or Al–O bond stretches, are still present. At 20 minutes, a
peak at 554 cm–1 emerges, which is tentatively assigned to tetramer silica vibrations.52 This signal
shifts to higher wavenumbers from 603 to 610 cm–1 due to the presence of the dimer species of
silica and chain end groups.58, 59
The chemical shifts of 29Si solid-state NMR signals reveal the chemical environment of the silicate
tetrahedra and the neighboring atoms from the first and second coordination spheres.60-62 Figure
12C shows that the 29Si solid-state NMR signals were found in the –70 to –120 ppm region during
a one-hour period; these signals are typically associated with four-coordinated SiO4 in silicates and
Si atoms in aluminosilicates.62 The silicate tetrahedron environment in aluminosilicates can be
described using Qn(mAl), where n indicates the number of bridging oxygen atoms and m represents
the number of oxygen-bridged aluminum atoms. The width of all the peaks covers the range related
to three resonance lines corresponding to Q2, Q3, and Q4 structural units,63 which is in agreement
with the conclusion from the 2D-COS analyses. Two broad signals centered at –84.5 and –99.7
ppm are observed at 10 minutes, corresponding to silica bound to aluminum, Qn(1Al), and short
chained silica polymers, Q3, respectively.64 At 20 minutes, the Q3 peak decreases while the Qn(1Al)
peak increases. Additionally, two small peaks appear at –70 and –60 ppm; these peaks are
attributed to the depolymerization of the short-chain silica polymers to form monomeric (Q0) and
dimeric (Q1) units, respectively. The Q3 peak at –100 ppm decreases while the Qn(mAl) peak at –
85 ppm increases as the adsorption proceeds, suggesting the growth of the aluminosilicate polymer
chains after the initial silica complexation onto the Al(OH)3 surface (i.e., increase in m in Qn(mAl)).
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To further clarify the adsorption and regeneration mechanisms, XPS analyses for the
Al(OH)3@Fe3O4 nanomaterials after adsorption and regeneration were performed. Changes of the
Al 2p peak of the as-prepared Al(OH)3@Fe3O4 nanomaterials during adsorption and after
regeneration. After silica adsorption, the Al 2p peak at 74.10 eV shifted to 74.47 eV, indicating
the insertion of aluminum atoms into the aluminosilicate structure.65 This result is in accordance
with enhanced complexation of Al with silica as adsorption proceeded, as shown in the 29Si solidstate NMR. After regeneration of the Al(OH)3@Fe3O4 adsorbents, a new peak at 75.2 eV emerged,
which is assigned to Al–O in AlOx.66 This peak was found near the range of tetrahedral coordinated
Al atoms,67 indicating that NaOH altered the structure of Al2O3 during the regeneration process.
Two signals associated with SiO (101.7 eV) and SiO2 (103.1 eV).68 Notably, after regeneration,
the peak intensity of the SiO signal increased while the peak intensity of SiO2 decreased, implying
that treatment with NaOH changed the Si-O-Si structure in the adsorbed layer.
4.5.5 Pretreatment with Al(OH)3@Fe3O4 Nanomaterials for Silica Scaling Mitigation in RO
Dynamic silica scaling experiments in a lab-scale RO setup were performed to demonstrate the
feasibility and efficiency of Al(OH)3@Fe3O4 nanomaterials as pretreatment materials to reduce
silica scaling. Feed waters with a silica saturation index of 1.5 were pretreated by Al(OH)3@Fe3O4
nanomaterials before the RO scaling experiments. Specifically, 6 g Al(OH)3@Fe3O4 nanomaterials
were added to a 3 L feed solution containing 2.8 mM Na2SiO3, 7.0 mM CaCl2, 3.5 mM MgCl2, and
35 mM NaCl. The adsorption pretreatment with the Al(OH)3@Fe3O4 nanomaterials was conducted
for 3 hours before using the solution as feed for RO. As shown in Figure 17A, the feed water
without pretreatment shows a ~22% flux decline after 1400 minutes. In contrast, RO with the
pretreated feed water experienced a flux decline of ~10%. These data demonstrate that silica
scaling was alleviated when feed waters were pretreated by the Al(OH)3@Fe3O4 nanomaterials,
highlighting the potential of Al(OH)3@Fe3O4 nanomaterials in reducing silica scaling.
Water flux recovery is another measure for evaluating the scaling propensity of membranes.
Physical cleaning was conducted by increasing the crossflow velocity, thereby inducing the
removal of foulants on the membrane surface by hydrodynamic shear forces. The RO membrane
exhibits ~85% flux recovery without pretreatment (Figure 17B); however, the recovery increased
to ~95% when the feed water was pretreated with the Al(OH)3@Fe3O4 nanomaterials. Thus, higher
silica scaling reversibility could be achieved through pretreatment. Additionally, images of
membranes with scalants after cleaning were obtained through SEM. Particles, roughly spherical
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in shape, were formed on the membrane without pretreatment, while a gel-like layer was found on
the membrane with Al(OH)3@Fe3O4 pretreatment.

Figure 16 (A) Normalized water flux as a function of time for the BW30
membrane with and without silica adsorption pretreatment. (B) Normalized water
flux after rinsing the membranes at the end of the scaling experiments with DI
water at a cross-flow velocity of 32 cm s–1. The silica scaling tests were conducted
at an initial water flux of 50 ± 2 L m−2 h−1 and a cross-flow velocity of 16 cm/s
for 1400 min. Feed solution contained 2.8 mM Na2SiO3, 7 mM CaCl2, 3.5 mM
MgCl2, and 35 mM NaCl. The feed solution pH was fixed at 6.50 ± 0.05 and
temperature was maintained at 25 ± 0.5 ℃. Duplicate scaling experiments were
conducted and the data in the figures represent the average values. SEM
micrographs of silica scalants on the membrane surface: (C) without Al(OH)3@@
Fe3O4 pretreatment and (D) with Al(OH)3@ Fe3O4 (Sample #2) pretreatment.
4.6 Conclusion
In summary, we have demonstrated the synthesis of Al(OH)3@Fe3O4 nanomaterials which
effectively remove silica and mitigate scaling in RO. Magnetic nanomaterials with such core-shell
structure are promising in pretreating silica-rich brackish water before it is fed into the RO stage,
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thereby elevating the water recovery and reducing the volume of brine disposal. Additionally, we
shed light on the mechanisms of silica adsorption onto the Al(OH)3@Fe3O4 nanomaterials, thus
guiding the future design of engineered materials with enhanced silica removal efficiency. We
note that our lab-scale study is only a proof-of-concept. Techno-economic analysis, particularly
on the reusability of the developed nanomaterials in long-term operation, should be systematically
conducted to determine the economic feasibility and sustainability of the proposed nanomaterialbased RO pretreatment process.
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Chapter 5: The effect of surface functionalization of Fe3O4 on nitrate
reduction kinetics and product selectivity
5.1 Introduction
Nitrate is one of the top ten drinking water contaminants worldwide causing a major environmental
and health concerns.68–72 Exposure to levels higher than 10 mg NO3−-N L-1 relate to a wide range
of human ailments, such as: cancer, thyroid problems, and methemoglobinemia (blue baby
syndrome).69,73,74 Nitrate concentration in natural waters has increased dramatically due to
anthropogenic nitrogen-based fertilizer runoff from agricultural lands, animal manure, and sewage
discharges.75,76 In the United States, over 40 million people rely on private groundwater wells that
may contain nitrate concentrations above regulated limits.77,78 Easy to operate technologies that
can locally treat nitrate polluted water sources is a need to enhance water quality for all.79
Conventional nitrate removal technologies are based in ion exchange and biological processes.80,81
However, these technologies generate brines or sludge, and cannot be easily deployed as
decentralized treatment systems.82,83 Electrochemical reduction of nitrate (ERN) emerges as a
promising technology for water denitrification. Product selectivity is necessary for the
implementation of ERN technologies as fit-for-purpose applications. Nitrate can be reduced to
nitrogen gas (N2) or ammonia (NH3) as suitable final products in water treatment applications.
Nitrogen gas is inert, and because of that it is the preferred product for drinking water treatment.84,85
However, increasing interest has been defined for the product selectivity towards ammonia as a
valuable commodity chemical.86,87 Besides reducing the environmental burden of nitrate pollution,
the treated water streams by ERN process can be used in agriculture irrigation, decreasing the need
of NH3 production from the energy intensive Haber-Bosch process 83 The selectivity and kinetics
of the ERN process are strongly influenced by the choice of electrocatalytic materials. Previous
works have focused on the study of charge transfer processes on platinoid metals (i.e., Pt and Pd).88
Despite of their stability and excellent catalytic performance, the use of platinum group elements
may refrain the commercialization of electrochemical decentralized treatment units because of
their high cost, limited availability that identifies them as endangered elements, and the adverse
environmental impacts related to extraction and purification of these scarce metals.85 Thus,
replacement of platinoid metals by earth-abundant, low cost and efficient ERN electrocatalysts is
of great interest and must be explored.89
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Non-precious transition metal electrocatalysts have been used as replacements for expensive
platinum-based electrodes. For instance, earth-abundant materials have shown to catalyze water
splitting reactions at different pH conditions 90,91 and Fe-containing electrodes have been reported
as efficient oxygen reduction catalysts in alkaline media.92 Therefore, similar electrocatalytic
strategies can be used in ERN processes. Iron catalysts with mixed oxidations states (i.e., Fe0, Fe2+,
and Fe3+) have shown to reduce nitrate to nitrite, ammonia, and nitrogen gas. For example, Fe(OH)2
has been reported to reduce nitrate to ammonia under alkaline conditions. Also, soils and sediments
containing Fe(II)-Fe(III) hydroxides, or, greenish rust, have been reported to reduce nitrite to
nitrous oxide and ammonia.93 At lower pH values, nano-sized zero-valent iron (nZVI) enhances
the chemical conversion of nitrate to 95-100%.94 These studies demonstrate that Fe-based
electrocatalysts can be used as alternative materials to platinum group elements for ammonia
electrogeneration from ERN.
ERN is a heterogeneous process that occurs at the surface of the electrode. Thus, modifications
and changes at the electrode material, structure, or its interface may affect the catalytic
performance and selectivity. The aim of this work is to evaluate the competitiveness of magnetitebased electrodes as alternative to commonly used Pt catalysts for water denitrification and
ammonia electrogeneration. In that regard, understanding the effect of the surface functionalization
of nano-enabled Fe3O4 electrodes, such as amine-functionalized Fe3O4 (3-amino propyl triethoxy
silane, APTES, pKa = 10.8), and carboxylic acid-functionalized Fe3O4 (polyacrylic acid, PAA,
pKa = 4.5), on the nitrate reduction mechanism, product selectivity (i.e., N2 vs NH3) and
engineering figures of merit become important. Evaluating the influence of surface acidity/basicity
on the initial adsorption step of nitrate onto the electrode surface, it is still barely explored in the
literature. Additionally, the use of cost-effective electrodes that rely on earth-abundant materials
hold the promise to become a paradigm shift to enable competitive implementation of
electrochemically driven technologies.
5.2 Experimental methods
5.2.1 Chemicals
Iron (III) chloride of analytical grade was used as the metal precursor for the synthesis of
magnetite, and it was purchased from Sigma-Aldrich. Amino termination was obtained through
functionalization with 3-aminopropyl triethoxy silane (APTES) provided by Sigma-Aldrich. Poly
acrylic acid, ammonium acetate, and ammonium hydroxide (28-30%) were obtained from Fischer
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Scientific. Ethanol (99.5%) and other organic solvents were obtained from Acros Organics.
Analytical-grade sodium sulfate (99 %, Sigma-Aldrich) was used as the supporting electrolyte.
Reagent grade sodium nitrate, sodium nitrite, and ammonia sulfate (> 99 %) were supplied by
Sigma-Aldrich. Solutions were prepared with nano-pure water obtained from a Millipore Milli-Q
system with resistivity >18.2 MΩ cm at 25 ºC.
5.2.1 Synthesis of magnetite functionalized nanoparticles
Magnetite particles were prepared following a hydrothermal synthesis method.20 In a round bottom
flask, 0.68 g of FeCl3·6H2O (2.5 mmol) were dissolved in 60 mL of ethylene glycol. Then, 3.8 g
of NH4Ac (50 mmol) is added under continuous magnetic stirring until forming a clear solution.
The resulting mixture was transferred to a 100 mL Teflon-lined autoclavable vessel and maintained
at 200 ºC for 12 h after which a black precipitate of Fe3O4 was formed. The solid was recovered
by magnetic separation, and sequentially washed with milliQ water (x 3) followed by ethanol (x
3), and finally dried under vacuum at 60 ºC for 6 h. The dried solid was ground into uniform
powder using an agate mortar until the material appeared homogenous.
Amino terminated magnetite (Fe3O4-NH2) was obtained by modifying the surface with APTES.
The pristine magnetite particles (1.0 g) were dispersed by ultrasonication in 250 mL EtOH/H2O
(1:1 volume) for 30 minutes under inert N2 atmosphere. Thereafter, 2.5 mL of APTES were added
to the mixture while it was vigorously stirred under a nitrogen atmosphere at 40 °C for 4 hours.
The functionalized material was recovered using a magnet and washed with milliQ water (x 3)
followed by ethanol washing (x 3). The product was dried at room temperature under vacuum for
24 h.
Carboxylic acid terminated magnetite (Fe3O4-COOH) was obtained by modifying the surface with
polyacrylic acid. Briefly, the pristine magnetite particles (1.0 g) were dispersed by ultrasonication
in 300 mL of milliQ water. Then, 100 mL of a 15 wt.% polyacrylic acid solution was added
dropwise to the suspension. The mixture was kept under stirring at 75 ºC for 4 h, then the solid
was recovered by magnetic separation and washed with milliQ water (x 3) followed by ethanol
washing (x 3). The product was dried under vacuum at room temperature for 24 h.Electrode
preparation and electrochemical set-up
Magnetite electrodes were prepared by drop-casting the sample ink onto carbon paper (GDL EC20-10 from FuelCell Store) for both electrolysis and cyclic voltammetry experiments. In 3 mL
scintillation vial, 5 mg of magnetite nanoparticles and 2.5 mg of carbon black (MSE supplies LLC)
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were dispersed in a mixture of 1.0 mL of isopropanol and 4.5 μL of Nafion® to form the ink. The
suspension was sonicated for 15 minutes to obtain a homogenous dispersion. The ink was loaded
into a micropipette and was carefully evenly drop casted onto a 1.5 x 2.5 cm area of carbon paper
substrate. After 500 µL were carefully drop-casted onto the carbon paper, it was left to dry on a
hot plate at 50 ºC for 1 h. Blank electrodes were prepared following the same procedure without
the addition of magnetite nanoparticles to the ink.
The electrochemical nitrate reduction was performed in a 150 mL open undivided batch glass
reactor using one anode (Ti/IrO2, DeNora) and one cathode (magnetite electrodes previously
synthesized) connected to a TENMA 72-2720 power supply. The electrodes were flat with a
geometric area exposed of 3 cm2 (area delimited with Teflon tape) and an intergap distance of 1
cm. Under open air conditions, a constant current intensity of 0.12 A (40 mA cm-2) was provided
to the system to treat 100 mL of a solution containing 100 mg NO3--N L-1 in 50 mM of Na2SO4
(pH = 5.81±0.06 and conductivity = 9.50±0.28 mS cm-1) at 25 °C during 360 min. The solution
was continuously mixed using magnetic stirring at 700 rpm to reduce mass transport limitations
between the bulk and the electrode surfaces.
To verify the possible re-oxidation events within the undivided electrochemical cell, individual
blank experiments with nitrite (100 mg NO2--N L-1) and ammonia (100 mg NH3-N L-1) in 50 mM
of Na2SO4 were performed. According to Fig. SM-1, nitrite can be partially re-oxidized on the
surface of the anode because some nitrate was detected. However, no ammonia oxidation nor
volatilization were noticed.
5.2.2 Analytical techniques
The crystalline structure of the synthesized materials was analyzed by X-ray powder diffraction
using an p-XRD Empyrean 2 PANanalytical diffractometer with a Cu Kα (λ =1.5418 Å) radiation
source equipped with a PIXcel [3D] detector with a diffractogram scanning window of 20 - 80°.
Fourier-transform infrared spectroscopy (FTIR) was conducted with an Agilent Cary 630 FT-IR
spectrometer operated in transmittance mode between 500 cm-1 to 4000 cm-1. Scanning electron
microscopy (SEM) images were recorded using a XL30 ESEM-FEG at 10 kV.Contact angle
measurements were carried out with 4.0 μL of a solution containing 10 mM NaNO3 in 0.1 M
Na2SO4 using Attention – Theta Biolin Scientific equipment, during 10 s to evaluate the surface of
carbon paper, Fe3O4, Fe3O4-NH2 and Fe3O4-COOH electrode materials. Tests were performed in
quadruplicates.
60

All prepared electrodes were evaluated by cyclic voltammetry (CV) in a three-electrode
conventional electrochemical cell and used as working electrodes. Graphite rod was used as the
counter electrode, and Ag/AgCl (3.5 M) was used as the reference electrode. Solutions were deaereated by bubbling N2 gas during 20 min and keeping a N2 atmosphere during electroanalysis.
Experiments were operated with an Autolab M204 potentiostat (Metrohm). CVs were measured
in 0.1 M Na2SO4 solution in presence and absence of 10 mM NaNO3 at 50 mV s-1.
During the electrochemical reduction of nitrate, the pH and conductivity parameters were
monitored using Hanna Instruments HI 322 and VWR Scientific Products - EC Model 2052 m,
respectively. Samples were withdrawn over time, and the concentration of N-species was analyzed
by TNT 835, 839 and 830 HACH kits for NO3--N, NO2--N, and NH3-N, respectively, using HACH
DR6000 UV–vis equipment.
Nitrate conversion was calculated using Eq. (1).
𝑁𝑖𝑡𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =

𝐶*+&,-&.,+ − 𝐶*+&,-&.,&
× 100
𝐶*+&,-&.,+

(1)

where Cnitrate,i corresponds to the nitrate concentration at time zero, and Cnitrate,t to the nitrate
concentration at time (t), both in mg NO3--N L-1.
During ERN, N-volatile species, such as N2, NO, NO2 or N2O, may be produced. In this work, it
was assumed that the N-gas species formed were most likely corresponding to N2 and its evolution
was determined by mass balance. The risk of ammonia volatilization due to gas evolution at the
electrodes was disregarded from the blank experiments shown in Fig. SM1b. The selectivity (SX)
towards N2 and NH3 was calculated using Eq. (2).
𝑆0 (%) =

𝐶0
× 100
𝐶*+&,-&.,+ − 𝐶*+&,-&.,&

(2)

where CX represents the concentration (mg N L−1) of a species X produced at time t. Nitrate
reduction was evaluated in terms of Faradaic efficiency (FE, Eq. (3)), which determines the
number of electrons consumed in an electrochemical reaction relative to the expected theoretical
conversion ruled by Faraday’s law.
𝐹𝐸(%) =

𝑛 𝐹 𝑁+
× 100
3600 𝐼 𝑡
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(3)

where n is the number of electrons required per mol of product (mol), F is the Faraday constant
(96 487 C mol−1), Ni is the amount (mol) of product generated during the electrolysis, I is the
applied electric current (A), t is the electrolysis time (h), and 3600 is a unit conversion factor (3600
s h−1).
Electrical energy per order (EE/O), was used as an engineering figure of merit to benchmark the
electric energy required to reduce NO3--N concentration by one order of magnitude in a unit
volume calculated from Eq. (4) for batch operation mode.
𝐸𝐸/𝑂(𝑘𝑊ℎ 𝑚$1 𝑜𝑟𝑑𝑒𝑟 $2 ) =

𝐸3.44 𝐼 𝑡
𝑉5 𝑙𝑜𝑔 𝑙𝑜𝑔 (𝐶" /𝐶& )

(4)

where Ecell is the average of the cell potential (V), I is current intensity (A), t is time (h), Vs is
solution volume (L), and C0 and Ct are the initial and final concentration after one order of
magnitude reduction. Considering the relationship log(C0/Ct) = 0.4343 t k1, where k1 represents
first-order kinetics constant (s-1), the EE/O expression can be simplified assuming according to Eq.
(5) where 6.39×10−4 is a conversion factor:
$1

𝐸𝐸/𝑂(𝑘𝑊ℎ 𝑚 𝑜𝑟𝑑𝑒𝑟

$2 )

6.39 × 10$6 𝐸3.44 𝐼
=
𝑉5 𝑘2

(5)

Experiments were run in duplicate, and the samples withdrawn were analyzed in duplicate to test
c

the precision of the measurement. Deviations between runs were always lower than 5% for all
)

determinations.
5.3 Results and discussion
5.3.1 Physical characterization of the magnetite particles
The synthesized magnetite nanoparticles were characterized through p-XRD in order to assess
their crystallinity and through FTIR in order to prove the surface functionalization. The size and
morphology of the nanoparticles were determined through SEM. Fig. 18 shows the powder X-ray
diffraction (pXRD) pattern of the pristine and functionalized Fe3O4 samples. The pXRD patterns
were obtained in a 2θ range from 20 to 80 degrees. The diffraction pattern for Fe3O4 nanoparticles
was indexed according to JCPDS card no. 19-629. The crystallographic planes (220), (311), (222),
(400), (422), (511) and (440) were observed at 2θ = 30.4, 35.8, 37.4, 43.4, 53.7, 57.2 and 62.8°,
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respectively. The -NH2 and -COOH functionalized Fe3O4 nanoparticles show the same diffraction
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patterns which are consistent with crystalline magnetite structures.
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Figure 17 pXRD pattern of pristine Fe3O4 structure (bottom); NH2-functionalized
Fe3O4 (middle); and COOH-functionalized Fe3O4 (top).
The crystallite size of the nanoparticles was calculated using the Scherrer equation. The full width
at half maximum (FWHM) of each diffraction pattern was calculated from the (311) peak for the
three samples. The estimated crystallite sizes are: 5.7, 4.5, and 6.6 nm for bare Fe3O4, Fe3O4-NH2
and Fe3O4-COOH, respectively. The average crystallite size for the three Fe3O4 samples is within
the same order of magnitude since the same synthetic procedure was followed prior to surface
functionalization.
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The FTIR spectra of the three Fe3O4 samples are shown in Fig. 19. The three spectra show a sharp
peak corresponding to the Fe-O stretch at 550 cm–1 which corroborates the iron oxide nature of all
the nanomaterials considered. The FTIR spectrum of bare Fe3O4 nanoparticles do not show any
additional significant peak. The second spectrum corresponding to Fe3O4 functionalized with
APTES (Fe3O4-NH2) show the characteristic peaks corresponding to the Si-O stretching at 955 cm–
1

and SiO-H stretching at 1070 cm–1, which allow inferring the successful surface modification and
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Figure 18 FTIR overlay spectra of pristine Fe3O4 (top), NH2-functionalized
Fe3O4 (middle) and COOH-functionalized Fe3O4 (bottom).
coordination of APTES to the Fe3O4 surface. This conclusion is further supported by the two peaks
corresponding to N-H stretching observed at 1420 and 2980 cm–1. The peak at 2890 cm–1
corresponds to a HC-H vibration associated to the alkyl chain. Finally, the spectrum corresponding
to the Fe3O4 functionalized with poly-acrylic acid (Fe3O4-COOH) shows a peak at 1632-1930 cm–
1

associated to the C=O bond of the carboxyl group, demonstrating the successful surface

functionalization of the nanoparticles. The broad signal centered at 3200 cm–1 is assigned to the
O-H bond stretch from the hydroxyl groups.
Scanning electron microscopy images were obtained in order to observe the morphology and the
size of the as prepared Fe3O4 nanoparticles and the bare carbon paper substrate. Fig. 3 depicts the
two different magnifications that were used to study each material. The surface morphology of
bare carbon paper in Fig. 20a shows folds and creases that become clearer at higher magnification
in Fig. 20b. Bare Fe3O4 nanoparticles loaded onto the carbon paper substrate have a spherical shape
and a size distribution of 250 nm and show some aggregation according to Figs. 20c and d.
Spherical NH2-functionalized Fe3O4 loaded onto the carbon paper substrate have an average size
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of 350 nm in diameter and are shown in Fig. 20e and f. These nanoparticles are less aggregated
compared to the bare Fe3O4 due to the amine functionalization. The micrographs corresponding to
the Fe3O4-COOH electrodes (Fig. 20g and h) exhibit similar spherical morphology with a diameter
size ≈ 500 nm. These COOH-functionalized Fe3O4 particles are less aggregated when compared to
the bare and to the NH2-functionalized nanoparticles. The size increase and the different
aggregation patterns are related to the functional groups on the surface of the spherical Fe3O4, the
APTES and the PAA molecules on the spheres describing a core-shell structure.

Figure 19 SEM images corresponding to (a,b) carbon paper, (c, d) carbon paper +
Fe3O4, (e, f) carbon paper + Fe3O4-NH2 and (g, h) carbon paper + Fe3O4-COOH, at
120X (a), 10,000X of magnitude (b, c, e and g) and at 50,000X of magnitude (b, d, f
and. h).
Hydrophobic interactions of the electrode surface between the solution and the surface of the
catalyst/electrode can affect the electrochemical reduction process of nitrate. Fig. 21 shows the
contact angle of the model solution which is in an average of 133° ± 5°, 141° ± 4°, 121° ± 8° and
124° ± 3° for carbon paper, Fe3O4, Fe3O4-NH2, Fe3O4-COOH, respectively, showing that materials
are mainly hydrophobic. The functionalized Fe3O4 electrodes show a decrease in the contact angles
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(and hydrophobicity) compared to the bare Fe3O4 electrodes which likely enhances the interaction
between their surface and the aqueous solution.

Figure 20 Contact angle images for droplets of 10 mM NaNO3 in 0.1 M Na2SO4 on:
(a) carbon paper, (b) carbon paper + Fe3O4, (c) carbon paper + Fe3O4-NH2 and (d)
carbon paper + Fe3O4-COOH.

5.3.2 Electrochemical characterization of the nano-enabled electrodes
The electrochemical behavior of the nano-enabled electrodes was evaluated in 0.1 M Na2SO4 with
and without 10 mM NaNO3 using cyclic voltammetry (CV) (Fig. 5). The solution resistance
observed in CV shape corresponds to electrode-electrolyte resistance corresponding with the
contact angle results, a higher resistance for Fe3O4 and lower resistance for Fe3O4-NH2.
For the three electrodes, an oxidation peak (-0.25 V) and reduction peak (-1.2 V) are associated to
the oxidation and reduction of iron species contained in Fe3O4 as previously reported in literature
95–97

. In absence of nitrate, the reduction current density increases starting from -1.25 V due to

hydrogen evolution reaction (HER). By comparing the current density displayed in presence and
absence of nitrate, it can be concluded that the larger current density displayed in the presence of
nitrate in all 3 cases might be attributed to two coexisting processes, nitrate reduction and HER.
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The functionalization of Fe3O4 nanoparticles with APTES presents a similar electrochemical
behavior than Fe3O4 nanoparticles. Despite the contact angle indicates more wettability and better
contact of water molecules with electrode surface, it does not provide information related to nitrate
transport from/towards the metal oxide surface where the charge transfer takes place. The Fe3O4
surface linked APTES is a large group that can hinder the transport of NO3- due to steric effects or
due to the occupation of catalytic sites by the Si-O-Fe bond.
In the case of Fe3O4-COOH, the electrochemical behavior shows a considerable increment of
current density than other electrodes, this could be that carboxyl group promotes the HER 98.
Besides, the results correspond to contact angle result that reported a better interaction of
electrolyte and surface than Fe3O4 nanoparticles.
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Figure 21 Cyclic voltammetry recorded at 50 mV s-1 with (a) Fe3O4, (b) Fe3O4-NH2,
and (c) Fe3O4-COOH in 0.1 M Na2SO4 (dash line) and with the presence of 10 mM
NaNO3 (solid line). Solutions previously purged with N2 during 20 min.
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The electrochemical reduction of nitrate requires the transport of nitrate from the bulk solution to
the electrode surface and its subsequent adsorption and it is proposed to occur via inner-sphere
electron transfer mechanism. Recent studies

99–101

suggest the contribution of outer sphere

reduction mechanisms that involve the participation of a redox mediator (i.e., Hads, H2). The
electroanalytical results displayed in Fig. 22 show only slight differences in the CV between the
three magnetite-based catalysts. This suggests that the functionalized surface of Fe3O4 electrodes
does not control the interaction electrode-electrolyte.
5.3.3 Electrocatalytic reduction of nitrate with iron and magnetite electrodes
The magnetite-based electrodes in this study were benchmarked against a pure Fe plate. Fig. 6a
shows the nitrate reduction over time and the evolution of nitrite as well as nitrogen gas and
ammonium employing the Fe-plate as cathode. This Fe electrode has a pollutant conversion rate
that fits a pseudo first-order reaction with k1 of 5.7×10-5 s-1 (R2= 0.998) and a maximum of 71%
of NO3--N transformation, after 360 min. These results are consistent to previous studies on Pt and
other materials surfaces 89, where the nitrate reduction kinetics on the electrode is controlled by the
first charge transfer reaction as limiting step (Eq. 6). The conversion of nitrate to nitrite is based
on a three-step electrochemical-chemical-electrochemical (ECE) mechanism as described by Eqs
6 – 8. During the treatment process, the maximum concentration of NO2--N was 0.23 mg L-1 at 30
min. According to Eq. 9 and Eq.10, the reduction of nitrite generates hydroxide ions which
increases the pH of the solution over time from 5.81±0.06 to 11.05±0.04 after 360 min of
electrolysis. In this pH range, N2 and NH3/NH4+ are the thermodynamically most stable forms of
nitrogen according to Frost-Ebsworth diagrams. 85,102 The highest accumulation of nitrite reduction
products was obtained after 360 min with concentration values of N2-N = 37.9 mg L-1 and NH3-N
= 35.9 mg L-1. Table 1 summarizes key fitted and calculated parameters from all the experiments
and it shows that the Fe-plate electrode led to a conversion of nitrate of 51% to nitrogen gas (𝑆7# ),
and of 49% to ammonia (𝑆7)$ ). Despite the previously reported ability of Fe cathodes to obtain
ammonia as the major by-product

103,104

, under the specific operating conditions applied in this

work, it was observed a balanced selectivity towards ammonia and nitrogen gas. The use of Fe
plate yielded a decrease in the nitrate concentration (28.7 mg L-1 NO3--N) after treatment; however,
it did not fall below the maximum contamination level of 10 mg NO3--N L-1.
$
;$
𝑁𝑂1(-9)
+ 𝑒 $ → 𝑁𝑂1(-9)
- limiting step

(6)
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;$
𝑁𝑂1(-9)
+ 𝐻; 𝑂 → 𝑁𝑂;• (-9) + 2𝑂𝐻$

(7)

$
𝑁𝑂;• (-9) + 𝑒 $ → 𝑁𝑂;(-9)

(8)
2

𝑁𝑂;$(-9) + 2𝐻; 𝑂 + 3𝑒 $ → ; 𝑁; (>-5) + 4𝑂𝐻$

(9)

𝑁𝑂;$(-9) + 5𝐻; 𝑂 + 6𝑒 $ → 𝑁𝐻1 + 7𝑂𝐻$

(10)

As it can be observed in Fig. 24b, using Fe3O4 nanoparticles deposited on carbon paper, the
nitrate conversion was 85% (k1=8.5×10-5 s-1, R2= 0.999). The carbon paper substrate itself has no
significant effect on the ERN (Fig. SM2), which highlights the excellent electrocatalytic properties
of nano-enabled Fe3O4 electrodes for nitrate reduction in neutral and slightly alkaline aqueous
solution. When using the Fe3O4, the maximum concentration of NO2--N generated occurred after
120 min with 0.63 mg L-1, decreasing over time until 0.16 mg L-1. This trend can be attributed to a
higher generation of ammonia (48.5 mg L-1) and nitrogen gas (32.6 mg L-1), representing 59% and
40% of their selectivity, respectively. In contrast to Fe plate electrodes, the magnetite-based
electrodes have a higher affinity towards ammonia generation. Nitrogen gas is the most desirable
product when considering drinking water usage, but ammonia can be an added value product
desirable for other applications. For example, an ammonia enriched water may be useful for
agriculture irrigation given its fertilizing capabilities. Indeed, attention has been given recently to
the sustainable generation of ammonia by the electrochemical reduction of nitrate due to the
opportunity to use that by-product as a fertilizer in crops. 105,106
Table 6 shows that the use of iron oxide nanoparticles have an increase of 1.2 times in the nitrate
conversion when compared to the Fe plate electrode. This behavior can be attributed to the increase
of active sites available in the presence of Fe3O4 nanoparticles. Moreover, the use of nano-Fe3O4
as cathodes for ERN leads to a 45% decrease in the EE/O from 72 kWh m-3 order-1 for Fe to 41
kWh m-3 order-1 for Fe3O4. EE/O values are directly related to the cell potential average and the
kinetics constant for each material.
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Figure 22 Evolution of the nitrogenated species ((◯) NO3--N, (▲) NO2--N, (n) NH3N, and () N2-N) over time for the electroreduction of 100 mg L-1 NO3--N in 50 mM
Na2SO4 at 40 mA cm-2 using a) Fe-plate or b) Fe3O4 as cathodes.
5.3.4 Influence of magnetite functionalization on the reaction mechanism and product
selectivity
To enhance the long-term stability of the nano-Fe3O4 based electrodes, the Fe3O4 nanomaterials
were surface functionalized with amino- and carboxylic groups. As the Fe3O4-NH2 electrode has
in its composition NH2, a blank experiment with only 50 mM Na2SO4 was performed as a control
to verify if any change occurred on the concentration of the nitrogenous compounds over time.
Fig. SM3 shows that null yield of N-species occurs when using Fe3O4-NH2 electrodes during 360
min of electrolysis, hence not affecting the performance of the process. A gradual reduction of
nitrate was observed when conducting electrolysis with Fe3O4-NH2 cathode as seen in Fig.23a. A
maximum abatement of 71% of initial nitrate concentration was reached after 360 min of
treatment, with a kinetic constant slightly lower (~1.5x) than the one observed for Fe3O4 (Table 6).
The NH2 functionalization of Fe3O4 did not improve the performance of nitrate reduction and has
similar selectivity values for NH3 (60%) and Ngas (38%) products (Table 6). This result is consistent
with the information obtained from the cyclic voltammetry (cf. Fig. 22) analysis that depicted a
lower electrocatalytic response of Fe3O4-NH2 electrode in presence of nitrate. The long APTES
amine chain in the Fe3O4-NH2 cathode seems to decrease the interaction between the nitrate and
the surface of the electrode. The lower reduction of nitrate may be associated to steric effects and
catalytic sites blockage that hinder the transport of nitrate towards the electrode surface, making it
difficult both, inner and outer sphere reduction processes. Conversely, a positive effect in activity
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was observed for the cathode based on Fe3O4-COOH. The introduction of -COOH functional group
(Fig. 2b) led to 90% of nitrate conversion. Meanwhile, the kinetic analysis revealed a higher k1
than the decay kinetic constant observed with bare Fe3O4 nanoparticles (~1.2x higher) (Table 6).
In that case, steric effects are not expected to occur given the smaller dimensions of the functional
molecule bonded to the bare Fe3O4 surface. When using the Fe3O4-COOH electrode, the lowest
final nitrogenous concentrations for NO3--N (11 mg L-1, close to the MCL≈10 mg L-1) and NO2--N
(0.1 mg L-1) were reached, being accompanied by the highest concentrations for NH3-N (50 mg L1

) and N2-N (41 mg L-1) species. This corresponds to 𝑆7)$ =55% (𝐹𝐸7)$ =11%) and 𝑆7>-5 =45%

(𝐹𝐸7>-5 =5%). It is important to remark that besides leading to the highest decay kinetic constant
for nitrate, the Fe3O4-COOH electrocatalyst reduced nitrate with the lowest EE/O of 37 kWh m-3
order-1.
Comparing from a global point of view the nitrate conversion (~71 - 90%) and the selectivity
towards nitrogen gas (~38 - 45%) and ammonia (~55 - 60%) reached by Fe3O4 nanoparticles with
and without functionalization were only slightly different. These results suggest that the surface
driven mechanism expected for an inner sphere process is not the main driver for nitrate reduction
when using Fe3O4-based electrocatalysts in neutral and slight alkaline aqueous solutions. To rule
out the contribution of other species that may be electrogenerated during electrolysis under natural
conditions, further studies were conducted to disregard impacts of side-reactions such as oxygen
reduction reactions (ORR) according to Eqs. (11) – (16).107
𝑂; + 4𝐻? + 4𝑒 $ → 2𝐻; 𝑂

(11)

𝑂; + 2𝐻? + 2𝑒 $ → 𝐻; 𝑂;

(12)

𝐻; 𝑂; + 2𝐻? + 2𝑒 $ → 2𝐻; 𝑂

(13)

Alkaline electrolyte
𝑂; + 2𝐻; 𝑂 + 4𝑒 $ → 4𝑂𝐻$

(14)

𝑂; + 𝐻; 𝑂 + 2𝑒 $ → 𝐻𝑂;$ + 𝑂𝐻$

(15)

𝐻𝑂;$ + 𝐻; 𝑂 + 2𝑒 $ → 3𝑂𝐻$

(16)
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The ORR is commonly observed in carbonaceous electrodes

108

, and it was detected in aerated

cyclic voltammetry (data not shown). ORR is a competitive reaction taking place simultaneously
to ERN during electrolysis, which can reduce Faradaic efficiency and yield other electroactive
species that can act as redox mediators for nitrate reduction. Therefore, a bulk electrolysis for
nitrate removal was conducted in a de-aereated solution bubbling N2 to avoid ORR. No notorious
differences in nitrate conversion were observed when compared to the initial experiments without
N2 bubbling, so the effect of the ORR during ERN was discarded. Additional blank experiments
were conducted to evaluate the impact of coexisting Fenton and Fenton-like reactions through
reactions (17) and (18), respectively. These reactions that can be catalyzed by the iron species of
the magnetite catalyst yield reactive oxygen species such as hydroxyl radical (OH) and superoxide
radical (O2-) that can engage in different charge transfer reactions.92,93,109 Nitrate solutions of 100
mg L-1 NO3--N in 50 mM Na2SO4 were exposed to 12.5 mM of H2O2 during 360 min without
affecting the initial nitrate concentration nor N-species distribution (no reduction observed).
Similarly, no variation on the time-course of nitrate concentration was observed when exposing
the same solution to a Fenton reaction in presence of 12.5 mM of H2O2 and 0.5 mM of Fe2+ for 360
min. From these results, the effect of ORR and other reactive oxygen species that may act as redox
mediators were completely excluded as drivers of nitrate reduction.
𝐹𝑒 ;? + 𝐻; 𝑂; ⟶ 𝐹𝑒 1? + •𝑂𝐻 + 𝑂𝐻$

(17)

𝐹𝑒 1? + 𝐻; 𝑂; ⟶ 𝐹𝑒 ;? + •𝑂𝑂𝐻 + 𝐻?

(18)

The fact that nitrate reduction occurs overlapped with hydrogen evolution reaction and the small
differences observed for different Fe3O4-functionalized electrocatalysts suggest that hydrogen may
play a role in the reduction of nitrate during ERN and the NO3- (Eq. 6) adsorption and first electron
transfer is not the rate determining reaction step in the mechanism.
Thus, ERN occurs through two co-existing pathways on Fe3O4 nanoparticles: (1) an inner sphere
process where adsorption is the most likely limiting step, and (2) an outer sphere process through
a hydrogen based redox mediator species electrogenerated at negative potentials on the Fe3O4
surface.
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Figure 23 Evolution of the nitrogenated species ((◯) NO3--N, (▲) NO2--N, (n) NH3N, and () N2-N) over time for the electroreduction of 100 mg L-1 NO3--N in 50 mM
Na2SO4 at 40 mA cm-2 using a) Fe3O4-NH2 or b) Fe3O4-COOH materials as cathodes
Table 6 Average of the cell potential and key fitted/calculated parameters from all
the experiments for the electroreduction of 100 mg L−1 NO3--N in 50 mM Na2SO4
at 40 mA cm-2 and 360 min of treatment time.
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5.4 Conclusion
In this work, earth abundant Fe3O4 nanoparticle-based electrodes were synthesized and tested
as model mineral iron oxide for the electrochemical reduction of nitrate (ERN) under easy-tohandle experimental conditions. The effect of the functionalization of the Fe3O4 nanoparticles, with
amine and carboxylic acids groups, was studied to identify sustainable electrocatalytic systems
that can remove nitrate from drinking waters. Initially, bare Fe3O4 nanoparticle-based electrodes
were benchmarked against a Fe-plate, being demonstrated the superiority of using cathodes with
iron nanoparticles because of the increase of active sites. In fact, Fe3O4 nanoparticle-based
electrodes increased ~1.2x nitrate conversion and led to a decrease in the electric energy per order
of ~45%. Regarding the functionalization of Fe3O4 with organic groups, there were slight
differences when applying these materials to the ERN. While Fe3O4-NH2 did not improve the
performance of the reduction process, Fe3O4-COOH led to the best results in 360 min, with 90%
nitrate conversion (k1=10.3×10-5 s-1, R2= 0.999), 55% selectivity towards ammonia, 11% faradaic
efficiency for NH3 generation and the lowest electric energy per order with 37 kWh m-3 order-1.
According to the results, the surface functionalization of Fe3O4 demonstrated that nitrate
adsorption and first electron transfer is not the rate determining reaction step in the electrocatalytic
reduction of nitrate mechanism on Fe3O4 nanoparticles in neutral-alkaline pH solution. An outer
sphere process occurring through the hydrogen based redox mediator species electrogenerated on
the cathode surface seems to be the dominant process in the ERN.
This work reveals that mineral Fe3O4 particles can be potentially useful as electrode material for
nitrate reduction in natural water sources, representing a green water denitrification treatment
option and a sustainable method to recover ammonia to be used as enriched water for crop field
irrigation.
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Chapter 6: Conclusion and future work
The design, development, and application of novel materials into existing water treatment
technologies is a way to cope with current and anticipated water demands and shortages. We have
demonstrated that the tailored combination of different properties can yield multifunctional
materials with specific water treatment applications. In Chapter 2, we show how magnetic
graphene oxide supported zeolitic imidazolate frameworks can be used to remove trace arsenite
oxyanions from a realistic water matrix. The nanoadsorbents were obtained through the
compositing of the parent ZIF (ZIF-8, ZIF-67 and ZIF-Zn/Co), and a magnetic graphene oxide
platform in environmentally friendly solvents. The three composite nanoadsorbents decrease
As(III) levels below EPA arsenic standards (<10 µg/L) while also having a magnetic recovery
functionality when compared to the parent ZIFs. This is one of the few studies that shows a
multifunctional composite nanoadsorbent that is proven to selectively remove As(III) from low
initial concentrations (35 ppb) in a simulated drinking water matrix. Another common water
treatment problem is membrane biofouling, bacteria form a very resistant and hard to remove
biofilm which clogs membranes and pipes. And in Chapter 3, the conjugation of bacterio-phages
onto iron oxide nanoparticles proved to be a viable way to enhance the disruption of the biofilms.
The superparamagnetic behavior of the iron oxide nanoparticles provided a “magnetic handle” of
the bacterio-phages increasing their penetration to the biofilm and initiated phage infection at the
biofilm bottom, leading to rapid biofilm detachment. It was also shown how different sizes of
Fe3O4 nanoparticles, when conjugated with the phages, resulted in different biofilm-eradication
patterns. Future work for this project will be focused on applying this method to biofilms formed
on pipes and doing so in a flow manner. In the next chapter we describe the application of
aluminum hydroxide at iron oxide (Al(OH)3@Fe3O4) nanoparticles with a core-shell structure for
the removal of silica in feedwaters for RO processes. The combination of the adsorption capacity
and selectivity of Al(OH)3 towards dissolved silica species coupled to the superparamagnetic
behavior of Fe3O4 has shown to decrease silica scaling in RO membranes and proved to alleviate
flux decline by ~12%. Future work on this project is aimed on improving silica removal kinetics
and regeneration of the adsorbent. For this, we propose the removal of silica in a flow-through
electrosorption set up. The anode, the electrode responsible for the silicate ion adsorption, will be
coated with an aluminum-based material to increase selectivity and promote migration of the
silicate ion and therefore achieve faster silica removal. Regeneration will consist of reversing the
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electrode polarity and the long-term performance of the nanomaterials will also be studied. Finally,
Chapter 5 describes the syntheses and surface functionalization of Fe3O4-based electrodes for the
electrocatalytic reduction of nitrate. The overall aim of this work was to find alternative materials
that could perform ERN while avoiding the use of current benchmark electrocatalysts (platinum
group elements) which are scarce and expensive. In this study, earth-abundant Fe3O4 electrodes
were synthesized to surpass these barriers. To understand the effect of the functionalization of
Fe3O4surfaces, Fe3O4nano-enabled electrodes were functionalized with amine and carboxylic acid
groups. The most promising results were obtained when the Fe3O4 surface was modified with
carboxylic acid groups. A nitrate conversion of ~ 90% was obtained and selectivity towards
ammonia of ~ 55%. These electrodes show a lower electric energy per order (EE/O) value when
compared to bulk iron electrodes. Future work on this project involves the scale up of the nitrate
reduction experiments in a flow configuration. This work has demonstrated that composite
nanomaterials show multifunctionality and synergistic effects that make them superior to their
unimodal counterparts. Efforts involved in the understanding of the surface chemistry and surface
interactions of these composite nanomaterial with specific contaminants aims to build knowledge
in the water treatment research field. We believe that the generated knowledge from this work
might provide ground for the further adaptation of these nanomaterials into traditional water and
wastewater treatment processes. Eventually, the effort in this work will compound with similar
efforts in order to alleviate the ongoing water crisis and to guide future technological developments
that will help meet the world´s water demands.
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